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SUMMARY:  28 

This study describes the microscopic monitoring of pneumococcus adherence to von 29 

Willebrand factor strings produced on the surface of differentiated human primary 30 

endothelial cells under shear stress in defined flow conditions. This protocol can be extended 31 

to detailed visualization of specific cell structures and quantification of bacteria by applying 32 

differential immunostaining procedures. 33 

 34 

ABSTRACT:  35 

Interaction of Streptococcus pneumoniae with the surface of endothelial cells is mediated in 36 

blood flow via mechanosensitive proteins such as the Von Willebrand Factor (VWF). This 37 

glycoprotein changes its molecular conformation in response to shear stress, thereby exposing 38 

binding sites for a broad spectrum of host-ligand interactions. In general, culturing of primary 39 

endothelial cells under a defined shear flow is known to promote the specific cellular 40 

differentiation and the formation of a stable and tightly linked endothelial layer resembling 41 

the physiology of the inner lining of a blood vessel. Thus, the functional analysis of interactions 42 

between bacterial pathogens and the host vasculature involving mechanosensitive proteins 43 

requires the establishment of pump systems that can simulate the physiological flow forces 44 

known to affect the surface of vascular cells. 45 

The microfluidic device used in this study enables a continuous and pulseless recirculation of 46 

fluids with a defined flow rate. The computer-controlled air-pressure pump system applies a 47 

defined shear stress on endothelial cell surfaces by generating a continuous, unidirectional, 48 
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and controlled medium flow. Morphological changes of the cells and bacterial attachment can 49 

be microscopically monitored and quantified in the flow by using special channel slides that 50 

are designed for microscopic visualization. In contrast to static cell culture infection, which in 51 

general requires a sample fixation prior to immune labeling and microscopic analyses, the 52 

microfluidic slides enable both the fluorescence-based detection of proteins, bacteria, and 53 

cellular components after sample fixation; serial immunofluorescence staining; and direct 54 

fluorescence-based detection in real time. In combination with fluorescent bacteria and 55 

specific fluorescence-labeled antibodies, this infection procedure provides an efficient 56 

multiple component visualization system for a huge spectrum of scientific applications related 57 

to vascular processes. 58 

 59 

INTRODUCTION:  60 

The pathogenesis of pneumococcus infections is characterized by a multifaceted interaction 61 

with a diversity of extracellular matrix compounds and components of the human hemostasis, 62 

such as plasminogen and VWF1-8. The multidomain glycoprotein VWF serves as key regulator 63 

of a balanced hemostasis by mediating thrombocyte recruitment and fibrin incorporation at 64 

the site of vascular thrombus formation9. The importance of functional, active VWF for 65 

bleeding control and wound healing is demonstrated by von Willebrand’s disease, a common 66 

inherited bleeding disorder10.  67 

 68 

Globular VWF circulates in the human blood system at a concentration of up to 14.0 69 

µg/mL11,10. In response to vascular injury, the local release of VWF by endothelial Weibel 70 

Palade Bodies (WBP) is markedly increased11,12. Previous studies show that pneumococcus 71 

adherence to human endothelial cells and its production of the pore-forming toxin 72 

pneumolysin significantly stimulates luminal VWF secretion13. The hydrodynamic forces of the 73 

blood flow induce a structural opening of the mechanoresponsive VWF domains. At flow rates 74 

of 10 dyn/cm2 the VWF multimerizes to long protein strings of up to several hundred 75 

micrometers in length that remain attached to the subendothelium10,12.  76 

 77 

To understand the function of multimerized VWF strings generated under shear stress in the 78 

interaction of pneumococcus with the endothelial surface, a microfluidic-based cell culture 79 

infection approach was established. A microfluidic device with a software-controlled air-80 

pressure pump system was used. This enabled a continuous, unidirectional recirculation of 81 

cell culture medium with a defined flow rate. Thereby, the system applied a defined shear 82 

stress on the surface of endothelial cells, which remained attached inside specialized channel 83 

slides. This approach enabled the simulation of the shear force within the blood stream of the 84 

human vascular system, in which VWF strings are generated on differentiated endothelial cells 85 

under defined constant flow conditions. For this purpose, the endothelial cells were cultivated 86 

in specific channel slides (see Table of Materials), which were adapted for microscopic 87 

analyses during flow. The microfluidic pump system provided the highly defined and 88 

controlled shear stress situation required for the formation of extended VWF strings on the 89 

confluent endothelial cell layer. After the stimulation of VWF-secretion of confluently grown 90 

human umbilical vein endothelial cells (HUVEC) by histamine supplementation, the string 91 

formation was induced by applying a shear stress (ԏ) of 10 dyn/cm2. The shear stress is defined 92 

as the force acting on the cell layer. It is calculated approximately according to Cornish et. al.14 93 

with equation 1: 94 

 95 



ԏ =
6 × η

ℎ2 × 𝑤
× Φ (1) 96 

 97 

Where ԏ = shear stress in dyn/cm2, η = viscosity in (dyn∙s)/cm2, h =half of channel height, w = 98 

half of channel width, and Φ = flowrate in mL/min. 99 

 100 

The result of equation 1 depends on the different heights and widths of the different slides 101 

used (see Table of Materials). In this study a Luer channel slide of 0.4 µm resulting in a 102 

chamber slide factor of 131.6 was used (see formula 2).  103 

 104 

ԏ = 131.6 ×  η ×  Φ (2) 105 

  106 

Viscosity of the medium at 37 °C is 0.0072 dyn∙s/cm² and a shear stress of 10 dyn/cm² was 107 

used. This resulted in a flow rate of 10.5 mL/min (see formula 3). 108 

 109 

Φ =
10

0.0072 ×  131.6
= 10.5 (3) 110 

  111 

Here, the adaptation and advancement of a microfluidic cell culturing procedure using a 112 

unidirectional laminar flow system for the investigation and visualization of bacterial infection 113 

mechanisms in the host vasculature is described in detail. The generation of VWF strings on 114 

endothelial layers can also be stimulated by using other pump systems that are able to apply 115 

a continuous and steady shear stress15.  116 

 117 

After cultivation of primary endothelial cells to confluence in flow and stimulation of VWF 118 

string formation, pneumococci expressing red fluorescence protein (RFP)16 were added to the 119 

endothelial cell layer under constant microscopic control. The attachment of bacteria to VWF 120 

strings on the surface of endothelial cells was microscopically visualized and monitored for up 121 

to three hours in real time by using VWF-specific fluorescent-labelled antibodies. With this 122 

approach, the role of VWF as an adhesion cofactor promoting bacterial attachment to the 123 

vascular endothelium was determined8.  124 

 125 

In addition to the microscopic visualization of protein secretion and conformational changes, 126 

this method could be used to monitor single steps of bacterial infection processes in real time 127 

and to quantify the amount of attached bacteria at different time points of infection. The 128 

specific software-controlled pump system also provides the possibility to culture the 129 

endothelial cells in defined constant flow conditions for up to several days and enables a 130 

defined pulsed medium flow incubation. Moreover, this method can be applied using different 131 

cell types. Adapting the staining protocol also enables the detection and visualization of 132 

bacteria internalized into eukaryotic cells. 133 

 134 

This manuscript describes this advanced experimental protocol that can be used as a defined, 135 

reliable, and reproducible approach for an efficient and versatile characterization of 136 

pathophysiological processes.  137 

 138 

PROTOCOL:  139 

 140 

The microfluidic cell cultivation was performed with commercial primary human umbilical vein 141 

endothelial cells (HUVEC). The company isolated the cells with informed consent of the donor. 142 



This study was approved by the Ethics Committee of Doctors Chamber of the Federal State 143 

Baden-Wuerttemberg with the reference number 219-04. 144 

 145 

NOTE: See Table of Materials for protocol supplies. 146 

 147 

1. Precultivation of primary endothelial cells 148 

 149 

1.1. Thaw a frozen glycerol vial containing 1 x 105 primary HUVEC from three different donors 150 

gently at 37 °C and seed the cells in 7 mL of prewarmed endothelial cell growth medium 151 

(ECGM, ready to use with supplements) in a 25 cm2 cell flask. 152 

 153 

NOTE: The primary endothelial cells lose differentiation capacity after more than 5 154 

proliferation cycles. Therefore, only cells with less than 5 passages can be used if high grades 155 

of cell differentiation are required. 156 

 157 

1.2. Cultivate the cells at 37 °C in 5% CO2 atmosphere for 60 min to allow surface attachment 158 

and exchange the ECGM cell culture medium to get rid of residue from cryoconservation. 159 

 160 

1.3. Continue culturing the cells at 37 °C in 5% CO2 atmosphere until they form a subconfluent 161 

cell layer. 162 

 163 

NOTE: The HUVEC must not grow to a confluent layer since the tight cell-cell contacts prevent 164 

formation of a stable cell layer later in flow.  165 

 166 

2. Precultivation of Streptococcus pneumoniae 167 

 168 

CAUTION: Streptococcus pneumoniae is a biosafety level 2 agent and is only allowed to be 169 

cultured in biosafety level 2 laboratories. Use a clean bench classified for safety level 2 for all 170 

bacterial treatments, strictly avoid aerosol formation, and use a centrifuge with aerosol 171 

protection for sedimentation of bacteria. 172 

 173 

2.1. Inoculate a Columbia blood agar plate with Streptococcus pneumoniae clinical isolate 174 

ATCC11733 derived from a glycerol stock constantly stored at -80 °C and cultivate the agar 175 

plate overnight at 37 °C and 5% CO2. 176 

 177 

2.2. Prepare 40 mL of Todd Hewitt liquid broth supplemented with 1% yeast extract (THY) and 178 

15 mL of sterile phosphate-buffered saline (PBS) pH 7.4, for bacterial cultivation and washing 179 

steps.  180 

 181 

2.3. Use a sterile tube for bacterial cultivation and inoculate the liquid culture broth with 182 

bacterial mass. Control the amount of inoculation by photometric measurement of 1 mL 183 

aliquots at 600 nm against non-inoculated liquid broth as reference. Fill in bacterial mass into 184 

the liquid broth until it reaches an optical density at 600 nm (OD600) of 0.15. 185 

 186 

2.4. Incubate the inoculated liquid broth without shaking at 37 °C and 5% CO2 and determine 187 

the OD600 every 30 min by measuring 1 mL aliquots using plastic cuvettes. 188 

 189 



2.5. As soon as the bacterial culture has reached an OD600 of 0.4, which corresponds to the 190 

exponential growth phase, centrifuge the bacterial culture suspension for 10 min at 1,000 x g 191 

at room temperature (RT). 192 

 193 

NOTE: Do not allow a pneumococcus culture to reach an OD600 of more than 1.0, because a 194 

high pneumococcus culture density is known to trigger bacterial autolysis, which might affect 195 

overall bacterial fitness.  196 

 197 

2.6. Resuspend the bacterial sediment gently with 10 mL PBS and sediment again for 10 min 198 

at 1,000 x g at RT. 199 

 200 

2.7. Resuspend the washed bacterial sediment gently in 1 mL PBS and determine the OD600 of 201 

10 µL of the bacterial suspension using 1 mL of PBS as a reference.  202 

 203 

2.8. Adjust the amount of bacteria in PBS to an OD600 of 2.0. According to formerly determined 204 

bacterial counting, an OD600 of 2.0 corresponds to 2 x 109 colony forming units (CFU). 205 

Immediately proceed with the infection procedure to prevent bacterial autolysis.  206 

 207 

3. Endothelial cell cultivation of HUVEC under microfluidic conditions 208 

 209 

3.1. Detach the primary endothelial cells from the cell culture flask by controlled proteolysis. 210 

Perform the following steps in a sterile environment using a clean bench. Prepare a volume of 211 

15 mL of sterile PBS for the washing steps. 212 

 213 

3.1.1. Remove the ECGM from a subconfluently-grown HUVEC layer and wash the cell layer 214 

with 10 mL PBS using a serological pipette to get rid of the cell culture medium. 215 

 216 

3.1.2. Incubate the washed HUVEC with 3 mL of 37 °C prewarmed cell dissociation solution for 217 

cell detachment for 5 min at 37 °C. Observe the proteolytic cell detachment by microscopic 218 

monitoring each minute. 219 

 220 

3.1.3. Pipette the detached cell suspension into a tube containing 7 mL of ECGM 221 

supplemented with 2% fetal calf serum (FCS) for stopping proteolysis and sediment the cells 222 

for 3 min at 220 x g at RT. 223 

 224 

3.1.4. Remove the supernatant and resuspend the HUVEC in 250 µL of ECGM supplemented 225 

with 5% FCS and 1 mM MgSO4. Use 10 µL of the cell suspension for cell counting using a 226 

Neubauer cell counting chamber and adjust the cell count to 4 x 106 cells/mL ECGM 227 

supplemented with 5% FCS and 1 mM MgSO4. 228 

 229 

NOTE: For each flow experiment 30 mL of ECGM medium supplemented with 5% FCS and with 230 

1 mM MgSO4 will be required. From here on this medium composition is named ECGMS-231 

medium. The increase of FCS concentration in the culture medium from 2% to 5% supports 232 

cell attachment and cell viability of HUVEC seeded in the channel slide. The medium 233 

supplements FCS and MgSO4 substantially stabilize the cell attachment of HUVEC under shear 234 

stress conditions. 235 

 236 



3.2. Seed and cultivate the HUVEC in a channel slide. Work in a sterile environment using a 237 

clean bench. The cells will be cultivated under shear stress for 2 days followed by infection 238 

with bacteria and microscopic monitoring for another 2 h.  239 

 240 

3.2.1 Equilibrate a channel slide, a perfusion set 1.6 mm in diameter and 50 cm in length, an 241 

aliquot of the ECGMS-medium, and a Luer channel slide 0.4 µm in height, for 24 h in an 242 

incubator with 5% CO2 atmosphere at 37 °C to reduce the number of air bubbles.  243 

 244 

NOTE: This procedure is recommended to degas the plastic equipment and to prewarm the 245 

medium, the perfusion tubes, and the reservoirs. If materials or liquids have been stored at 246 

RT or in the refrigerator, gases dissolved in the plastic and liquids will be released when heated 247 

up in the incubator during the experiment. Gas bubbles will then appear. Degassing all plastic 248 

components before the experiment will eliminate this effect. Each time the system is taken 249 

out of the incubator, the process of gas absorption begins again. Therefore, work quickly at 250 

RT and never leave the fluidic unit outside the incubator for longer time periods. 251 

 252 

3.1.2. Use a Luer syringe to inject 100 µL of a 2% sterile-filtered porcine gelatin solution in 253 

PBS solution into one of the reservoirs of a temperature-equilibrated channel slide. Incubate 254 

the gelatin-solution for 1 h at 37 °C and rinse the channel of the slide with 1 mL PBS under 255 

sterile conditions using a 1 mL Luer syringe.  256 

 257 

3.1.3. Place the gelatin-coated channel slide on a thin polystyrene or styrofoam plate to 258 

prevent a drop in the slide temperature. Add 100 µL of the 4 x 106/mL HUVEC suspension with 259 

a 1 mL Luer syringe into the slide. 260 

 261 

NOTE: Placing the channel slide on the cold metal surface of the clean bench could decrease 262 

the temperature of the slide bottom, thereby generating cold stress to the endothelial cells. 263 

During cell pipetting hold the slide a bit upwards to let air bubbles rise and disappear from 264 

inside the slide.  265 

 266 

3.1.4. Incubate the channel slide with the HUVEC for 60 min at 37 °C and 5% CO2 and fill up 267 

the medium reservoirs at both ends of the channel slide with 60 µL ECGMS-medium each. 268 

Incubate for 1 h at 37 °C and 5% CO2. 269 

 270 

3.2. Adjust the microfluidic pump and the software settings. 271 

 272 

3.3.1. Connect the equilibrated perfusion set to the pump unit, fill with 13.6 mL of ECGMS-273 

medium, and start the pump control software. Select the adequate perfusion set and type of 274 

chamber slide using the scroll down windows in the menu of the fluidic unit set up. Choose 275 

0.007 (dyn∙s/cm2) in the software for medium viscosity. (Refer to the pressure pump software 276 

settings marked with red arrows in Supplementary Figure 1).  277 

 278 

3.2.2. Outside of the incubator, connect a glass bottle filled with drying silica beads to the air 279 

pressure tubing (refer to Figure 1, Inset 3). The air of the pressure pump circulates between 280 

the perfusion reservoirs and the pump and must be dry before reentering the pump device. 281 

Select Flow Parameters in the software menu, set the pressure to 40 mbar, and flush the 282 

pump tubes with the liquid medium by starting the continuous medium flow. (These settings 283 

are also indicated by red arrows in Supplementary Figure 1). 284 



 285 

3.2.3. Program the desired shear stress cycles of flow cultivation. Start with 5 dyn/cm2, 286 

control balanced reservoir pumping and assure that no air bubbles are circulating in the pump 287 

system.  288 

 289 

NOTE: The wall shear stress in a channel slide depends on the flow rate and the viscosity of 290 

the perfusion medium. If using another pump system, please refer to the equations described 291 

in the introduction to set a flow rate generating the desired shear stress level. The described 292 

settings correspond to a flow rate of 5.42 mL/min. (An exemplary screen shot showing the 293 

adequate flow parameter settings in the pressure pump software is shown in Supplementary 294 

Figure 2). 295 

 296 

3.2.4. Stop the flow circulation in the pump control software and hold the medium flow in 297 

the perfusion tubing by clamping the tubes near the Luer connections. Connect the channel 298 

slide, thereby avoiding air bubbles, and place the fluidic unit with the connected channel slide 299 

in a CO2 incubator at 37° C and 5% CO2. Start the shear stress at 5 dyn/cm2 for 30 min to 300 

smoothly adapt the cells to the forces generated by the shear stress before accelerating the 301 

shear stress level (see Supplementary Figure 3). 302 

 303 

NOTE: Take care that no air bubbles remain in the tube system or in the slide after connecting 304 

to the tube system because the movement of air bubbles in the flow might lead to cell 305 

detachment. 306 

 307 

3.2.5. Accelerate the shear stress to 10 dyn/cm2 (which corresponds to 10.86 mL/min in this 308 

flow setting) and incubate the channel slide in continuous shear stress for 48 h in a small CO2 309 

incubator at 37 °C and 5% CO2 to allow cell differentiation (the respective software settings 310 

are indicated with red arrows in Supplementary Figure 4). 311 

 312 

NOTE: HUVEC cells tend to detach from the channel surface if flow cultivation is directly 313 

started at 10 dyn/cm2. The cells remain attached to the chamber surface if flow cultivation is 314 

started with less shear stress using 5 dyn/cm2 for a minimum of 30 min followed by increasing 315 

the shear stress slowly up to the desired 10 dyn/cm2. A shear stress of 10 dyn/cm2 is the 316 

minimum value in this perfusion setting required for VWF string formation. 317 

 318 

3.2.6. After 24 h of microfluidic cell cultivation, stop the medium flow with the pump control 319 

software exactly when a balanced medium level is reached in both medium reservoirs. Place 320 

the fluidic unit in a clean bench and remove 10 mL of the circulated cultivation medium of the 321 

perfusion reservoirs using a 10 mL serological pipette. Add 10 mL of ECGMS-medium into the 322 

reservoirs to renew the medium, place the fluidic unit back into the CO2 incubator at 37 °C 323 

and 5% CO2, and restart the fluidic cultivation using the pump control software. 324 

 325 

NOTE: The function of the pressure pump can suddenly be disrupted by laboratory machines 326 

such as large centrifuges, which might create a strong magnetic field disturbance. This sudden 327 

disruption might lead to cell detachment. Take care that such machines are not active near 328 

the pressure pump during the experiment. 329 

 330 

3.2.7. Start the prewarming of the temperature incubation chamber covering the stage of 331 

the fluorescence microscope to 37 °C for temperature equilibration 24 h before the 332 



microscopic visualization. After the microscope is prewarmed, start the microscope software 333 

control and adjust the principal settings for the fluorescence microscopic monitoring by 334 

selecting the appropriate filter settings (540 nm/590 nm for detection of the RFP-expressing 335 

bacteria and 470 nm/515 nm for detection of fluorescein emission of the FITC-conjugated 336 

VWF-specific antibodies). Prewarm an additional heating chamber for incubation of the fluidic 337 

unit at 37 °C.  338 

 339 

NOTE: During the infection analyses and microscopic monitoring the temperature of the 340 

channel slide and the circulating medium should not decrease substantially, because this 341 

would generate cold stress on the cells. In general, the size of the temperature chambers 342 

covering the microscope stage is not enough to cover the whole fluidic unit. Therefore, the 343 

use of an additional heating chamber prewarmed to 37 °C is recommended.  344 

 345 

3.2.8. For microscopic visualization, place the fluidic unit into the 37 °C prewarmed heating 346 

chamber and place the channel slide on a stage of the 37 °C prewarmed microscope.  347 

 348 

NOTE: For microscopic visualization, the fluidic unit and the channel slide needed to be 349 

removed from the CO2 incubator due to the limited length of the perfusion tubing. If infection 350 

times and microscopic monitoring longer than 180 min are required outside the 5% CO2 351 

atmosphere for pH buffering, a pH-buffered medium should be used for microfluidic 352 

cultivation.  353 

 354 

3.2.9. Control the cell morphology and the integrity of the HUVEC layer prior to injection of 355 

histamine and bacteria to the flow circulation throughout the time of the flow experiment and 356 

after finishing the flow experiment using the bright field mode of the microscope.  357 

 358 

4. Induction of VWF-release and visualization of multimerized VWF strings  359 

 360 

4.1. Maintain the flow setting, because a shear stress of 10 dyn/cm2 is required to trigger 361 

the multimerization of VWF to long strings of up to 200 MDa. Induce the release of VWF from 362 

endothelial WPB by injecting 136 µL of a 100 mM histamine stock solution into the ECGMS-363 

medium circulating in the perfusion tubing using an injection port. The final concentration of 364 

histamine in the flow medium will be 1 mM. If no injection port is available, the histamine can 365 

be added alternatively by pipetting into the medium of the pump reservoirs. 366 

 367 

4.2. For immunofluorescence detection of multimerized VWF strings, stop the flow when a 368 

balanced medium level in the reservoirs is reached, and inject 20 µg of a VWF-specific FITC-369 

conjugated antibody in a volume of 200 µL PBS (pH 7.4) into the circulating 13.6 mL of ECGMS-370 

medium using an injection port. If no injection port is available, the antibody can be added 371 

alternatively by pipetting into the medium of the pump reservoirs. This results in a final 372 

antibody concentration of 1.3 µg/mL.  373 

 374 

4.3. For microscopic scanning of several fields of view in a short time, use the fluorescence 375 

unit of the microscope with a Xenon fluorescence device at 30% power and an epifluorescence 376 

camera. Monitor the shape and morphology of the HUVEC layer with the bright field mode to 377 

select representative cells suitable for the VWF-strings visualization. 378 

 379 



4.4. For visualization of green fluorescent VWF strings, select a 63x/1.40 oil objective and 380 

a 470 nm detection filter in the fluorescence unit menu of the microscope software (LasX). 381 

Create snapshots of Z-stacks of at least 50 representative field views, each containing 382 

approximately 10 morphologically intact HUVEC. For quantification of the green fluorescent 383 

VWF strings at different time points, scan several fields of view.  384 

 385 

5. Microscopic evaluation of bacterial attachment to VWF-strings in flow in real time 386 

 387 

5.1. Quantify pneumococcal attachment to the VWF-strings generated on HUVEC cell 388 

surfaces via immunofluorescence detection. 389 

 390 

5.1.2. Hold the flow and inject 1.35 x 108 CFU/mL RFP-expressing pneumococci in a maximum 391 

volume of 1 mL into the ECGMS-medium using the injection port. Alternatively, pipette the 392 

bacteria into the medium in the pump reservoir. Restart the shear stress at 10 dyn/cm2 to let 393 

the bacteria circulate within the pump system. 394 

 395 

5.1.3. Select a 63x oil-immersion objective for microscope magnification and adjust the 396 

fluorescence filter settings in the microscope software to the RFP-channel (540 nm detection 397 

filter) for detection of RFP-expressing pneumococci. 398 

 399 

5.1.4. For quantification of bacterial attachment to the VWF strings, stop the flow and create 400 

snapshots of Z-stacks of at least 30 representative field views, each containing approximately 401 

10 morphologically intact HUVEC, and count the amount of pneumococci.  402 

 403 

5.1.5. Use the ANOVA one-factorial statistics algorithm in order to evaluate the data, 404 

followed by a post hoc two-tailed unpaired sample test for detailed statistical comparison. P 405 

values of <0.05 were considered statistically significant. 406 

 407 

6. Microscopic evaluation of bacterial attachment to VWF-strings after sample fixation 408 

 409 

6.1. Sample the fixation prior to immunofluorescence staining. 410 

 411 

6.1.2. Stop the flow, remove 10 mL of ECGMS-medium from the pump reservoirs, and add 412 

10 mL of PBS supplemented with 5% paraformaldehyde (PFA). Let the PFA solution circulate 413 

for 10 min at a shear stress of 10 dyn/cm2. 414 

 415 

6.1.3. Disconnect the channel slide from the pump unit. 416 

 417 

6.2. Block unspecific binding sites on the cell surface and perform immunodetection of 418 

VWF strings and attached bacteria.  419 

 420 

6.2.2. Prepare 4 mL of a washing solution containing 100 mM Na2CO3 (pH 9.2) supplemented 421 

with 4% sucrose for all washing steps. Prepare 1 mL of a blocking solution containing 100 mM 422 

Na2CO3 (pH 9.2) supplemented with 4% sucrose and 2% bovine serum albumin (BSA) for 423 

blocking of unspecific binding sites.  424 

 425 

6.2.3. Wash the PFA-incubated channel slide 3x using a 1 mL Luer syringe to inject 200 µL of 426 

the washing solution and incubate the slide for 120 min at RT with 200 µL blocking solution. 427 



 428 

6.2.4. Prepare 4 mL of another blocking solution containing 100 mM Na2CO3, (pH 9.2) 429 

supplemented with 4% sucrose and 0.5% BSA for the dilution of the antibodies. Use 200 µL of 430 

this blocking solution to dilute the pneumococcus-specific rabbit antiserum 1:100. Use 200 µL 431 

of this blocking solution to dilute the VWF-specific mouse antibody 1:50 to make a VWF-432 

specific antibody concentration of 4 µg/mL. Dilute the AlexaFluor488-conjugated secondary 433 

antibody from a 2 mg/mL stock solution 1:100 in 200 µL of PBS (pH 7.4) to generate a final 434 

concentration of 20 µg/mL. 435 

 436 

NOTE: In the described immunofluorescence settings, the antibody detection delivered 437 

optimal results when the antibodies were diluted in the above-mentioned alkaline carbonate 438 

buffer. Based on previous results, the recommended blocking solutions and the amount of 439 

antibodies are suitable for many applications. However, different experiments might require 440 

individual optimization of the antibody combination, antibody concentration, incubation time, 441 

and constitution of the blocking buffer. As an alternative, a phosphate-buffered system with 442 

a neutral pH range might be suitable or even preferred as an incubation buffer. In case of weak 443 

fluorescence signals, the concentration of secondary antibody should be increased. If too 444 

much unspecific fluorescence background noise is detected, the amount of blocking 445 

substances should be increased.  446 

 447 

6.2.4 For VWF-immunofluorescence staining, wash the channel slide using a 1 mL Luer 448 

syringe by injecting 200 µL of the washing solution 3x and incubate the slide with the 1:50 449 

diluted VWF-specific antibody for 30 min at RT. Afterwards, wash the channel slide again 3x 450 

with 200 µL of the washing solution and incubate the slide with the 1:100 diluted 451 

AlexaFluor488-conjugated mouse-specific antibody for 30 min at RT. Finally, wash the channel 452 

slide again 3x with 200 µL of the washing solution. 453 

 454 

NOTE: The AlexaFluor-fluorophores are sensitive to bleaching. Therefore, the slide should be 455 

protected by keeping it in a dark chamber during the incubation steps with the fluorophore-456 

conjugated antibodies.  457 

 458 

6.2.5. For immunodetection of the pneumococci, incubate the slide with a 1:100 diluted 459 

pneumococcus-specific rabbit antibody for 30 min at RT. Afterwards, wash the channel slide 460 

3x with 200 µL of the washing solution and incubate the slide with 1:100 diluted 461 

AlexaFluor568-conjugated rabbit-specific antibody for 30 min at RT. Wash the channel slide 462 

again 3x with 200 µL of the washing solution. 463 

 464 

6.2.6. To stain the cellular actin cytoskeleton with fluorescent phalloidin, permeabilize the 465 

HUVEC by incubation with 120 µL of 0.1% Triton X-100 for 5 min at RT. Wash the channel slide 466 

3x with 200 µL of the washing solution and incubate the slide with 120 µL of 1:1,000 diluted 467 

AlexaFluor350-conjugated phalloidin. This incubation step will visualize the polymerized actin 468 

cytoskeleton and allow monitoring of the cell shape and possible stress-induced 469 

morphological changes.  470 

 471 

6.2.7. Wash the channel slide 3x with 200 µL of the washing solution. Finally, wash the slide 472 

4x with 200 µL ddH2O and visualize the green fluorescent VWF strings, the red fluorescent 473 

bacteria, and the blue fluorescent actin cytoskeleton using the appropriate filter settings on 474 

the fluorescence microscope. 475 



 476 

REPRESENTATIVE RESULTS: 477 

Culturing primary HUVEC in a constant unidirectional flow results in the formation of a 478 

confluent and tightly packed cell layer that promotes the generation of cellular WPBs filled 479 

with the mechanosensitive VWF13,14. This protocol describes the use of an air pressure pump-480 

based, pulseless recirculation system for infection analysis that requires mimicking the shear 481 

stress situation in the human blood flow.  482 

 483 

This system enables a defined, software-controlled setting of flow conditions. The flow 484 

scheme in Figure 1 illustrates the principal workflow, starting with the precultivation of 485 

primary endothelial cells (Figure 1, Inset 1) and the precultivation of pneumococci (Figure 1, 486 

Inset 2). The applied microfluidic system (Figure 1, Inset 3) is composed of a special channel 487 

slide that is connected via a Luer adapter to perfusion tubing with two medium reservoirs. The 488 

perfusion tubing set is placed on a fluidic unit that serves as a stand and employs the perfusion 489 

tubes as a valve system. For flow cultivation, the fluidic unit with the medium-filled perfusion 490 

set and the connected channel slide are placed in a CO2 incubator (Figure 1, Inset 3). The fluidic 491 

unit is connected to an air pressure pump via air tubing. The air in the tubing must pass 492 

through a drying bottle containing silica beads for the removal of moisture from the perfusion 493 

reservoirs before the air is repumped into the pump system (Figure 1, Inset 3). The air pressure 494 

pump is controlled by computer software (PumpControl v1.5.0) that enables the setting of a 495 

continuous, defined flow rate depending on the diameter of the channel slide, the length and 496 

diameter of the perfusion tubing set, and the viscosity of the medium used (Figure 1, Inset 3). 497 

The secretion of VWF by WPB exocytosis of confluently grown HUVEC is induced by histamine-498 

stimulation8 applied into the medium circulation in the perfusion tubing using an injection 499 

port (Figure 1, Inset 4). At a minimum shear stress of 10 dyn/cm2, the released VWF proteins 500 

multimerize and form long protein strings reaching lengths of more than 100 µm (Figure 1, 501 

Inset 4,5,6 and Figure 2A). These protein strings are microscopically detected and visualized 502 

after the injection of fluorescein isothiocyanate (FITC)-conjugated VWF-specific antibodies 503 

into the medium. The circulating antibodies enable the immunofluorescence detection of the 504 

cell surface-bound VWF strings in real time (Figure 1, Inset 5)8.  505 

 506 

The established microfluidic-based cell culture infection approach using primary endothelial 507 

cells mimics the situation of a locally inflamed vasculature upon infiltration of the blood 508 

circulation by bacterial pathobionts such as Streptococcus pneumoniae. Examples of the 509 

visualization and quantitative analysis of bacterial interaction with differentiated vascular cells 510 

under shear stress using microfluidic endothelial cell cultivation are shown (Figure 1, Insets 511 

5,6). RFP-expressing pneumococci were injected into the flow and after 30 min of circulation, 512 

the first signs of bacterial attachment to VWF strings of histamine-stimulated HUVEC were 513 

microscopically detected (Figure 1, Insets 5,6 and Figure 2A,B white arrows)8. Thus, the use 514 

of RFP-expressing pneumococci enabled the quantification of bacterial attachment to the 515 

VWF strings on the endothelial cells without the requirement of bacterial antibody detection.  516 

 517 

Histogram overlay plots of the fluorescence intensities were generated using the evaluation 518 

software provided by Leica (i.e., LasX) to visualize the colocalization of RFP-expressing 519 

pneumococci with the VWF strings detected with green fluorescent antibodies. This enabled 520 

a quantitative analysis of the colocalization probability at specific regions of interest (ROI) 521 

within the fluorescence image. Using histogram overlays of bacterial signals in combination 522 

with the fluorescence signals of the VWF, overlapping fluorescence peaks for both could be 523 



visualized and thereby confirmed pneumococcus attachment to the VWF strings. The bacterial 524 

attachment resists the continuously applied shear stress for a minimum of 25 min (Figure 2B)8.  525 

 526 

In sum, the continuous flow cultivation of primary HUVEC enabled VWF secretion and the 527 

generation of long VWF protein strings that serve as adhesion sites for circulating bacteria8.  528 

 529 

FIGURE LEGENDS: 530 

Figure 1. Workflow for analyses of bacterial attachment to VWF strings using microfluidic 531 

endothelial cell cultivation. Workflow of the principal experimental steps beginning with the 532 

precultivation of primary endothelial cells to subconfluency in cell culture flasks. Prior to cell 533 

cultivation in the flow, cells are seeded into a gelatin-coated channel slide (Inset 1). Bacteria 534 

are grown on agar plates followed by cultivation in a complex liquid medium to mid-log phase 535 

(Inset 2). For microfluidic cell culture, a channel slide with endothelial cells is connected to the 536 

perfusion tubes of a fluidic unit of the pump system and subjected to constant flow for cell 537 

differentiation (Inset 3). The generation of the VWF-strings (green arrow) was induced by 538 

histamine injection at a shear stress of 10 dyn/cm2 and microscopically monitored by 539 

immunofluorescence detection using FITC-labelled VWF-specific antibodies (Inset 4). After 540 

injection of RFP-expressing bacteria to the circulating medium, pneumococcus attachment 541 

(red arrow) to the VWF-strings was microscopically visualized in real time by fluorescence 542 

emission at 450 nm (Inset 5). After fixation of the cells using PFA, differential 543 

immunofluorescence staining provides the visualization of bacterial attachment at specific 544 

infection time points (Inset 6). The images of the pump system and the HUVEC cell layer 545 

described in steps 1, 3, and the image of the injection port (Inset 4) are included. The 546 

immunofluorescence images shown in Insets 4 and 5 have been modified and used with 547 

permission from Jagau et al.8. The lengths of the scale bars are indicated at the lower right. 548 

 549 

Figure 2. Representative immunofluorescence images of pneumococcus binding to the VWF 550 

strings generated in continuous flow on the surface of histamine-stimulated HUVEC. (A) The 551 

generation of the VWF strings was microscopically quantified after exposing confluently 552 

grown HUVEC to shear stress using a microfluidic pump system at 10 dyn/cm2. FITC-553 

conjugated VWF-specific antibodies detected the VWF strings. White arrows point to RFP-554 

expressing pneumococci with red fluorescence attached to long VWF strings. (B) Bacterial 555 

attachment to the green fluorescent VWF strings was microscopically observed for up to 2 h 556 

in constant flow (white arrows) and was confirmed by software-based evaluation of 557 

fluorescence intensities of a defined ROI. Real time images were taken with the fluorescence 558 

equipment of a confocal laser scanning microscope (SP8, Leica). Scale bars = 10 µm. This figure 559 

has been modified and used with permission from Jagau et al.8.  560 

 561 

DISCUSSION:  562 

The simulation of bacterial interaction with mechanosensitive host proteins such as VWF 563 

requires a perfusable cell culture system that enables the generation of a defined, 564 

unidirectional, and continuous flow of liquids, thereby generating reliable shear stress. Several 565 

microfluidic pump systems have already been described. A comprehensive review from 566 

Bergmann et al. summarizes the key aspects of different two- and three-dimensional cell 567 

culture models17.  568 

 569 



The microfluidic technology is a very young technique started in the early 1990s with the 570 

development of controllable, reproducible, and perfusable microenvironments in a 571 

micrometer and even in a nanometer scale18. The presented microfluidic approach can also 572 

be applied to study the broad range of bacterial adhesion mechanisms and involved proteins. 573 

It is best suitable for any interaction that involves mechanoresponsive adhesion components 574 

such as VWF, which in general are not approachable using standard cell culture techniques. 575 

For example, it is known that the conformation of several extracellular matrix proteins differs 576 

depending on their location. Within the blood system, glycoproteins like fibronectin circulate 577 

in a globular conformation, whereas in the extracellular matrix the proteins appear as 578 

multiconnected di- and multimerized scaffold19,20. Moreover, several distributors of 579 

microfluidic equipment offer standardized channel slides precoated with different types of 580 

collagen (e.g., subendothelial collagens or other plasma-derived proteins). These channel 581 

slides are suitable for visualization and quantitative analyses of bacterial adhesion to specific 582 

extracellular matrix proteins in different flow situations. 583 

 584 

Different microfluidic systems can be categorized based on the different materials used for 585 

microdevice production. In this regard, the glass/silicone-based platforms differ from the 586 

polymer-based and the paper-based platforms21. Polymer-based channel slides are produced 587 

with an elastically supported surface (ESS), generally require a surface coating for cell 588 

attachment during flow experiments. As an alternative to a coating with adhesion-supporting 589 

components such as collagen, the surface of some commercially available channel slides is 590 

physically modified, which creates a hydrophilic and adhesive surface suitable for most cell 591 

types. Moreover, some channel slides are generated using substrates like 592 

polydimethylsiloxane (PDMS), which is oxygen-permeable and also enables the culture of 593 

blood vessel cells on the inner surface of microchannels in fluidic pump systems22,23.  594 

 595 

The microfluidic system that was used in these studies served as an efficient and reliable 596 

system that was applied for the analysis the interaction of Staphylococcus aureus with 597 

multimerized VWF fibers after culture of human endothelial cells in flow24,25. This microfluidic 598 

system was a closed circular perfusion system that enabled the analysis of infection by 599 

pathogenic bacteria under biosafety 2 conditions. Moreover, the channel slides were suitable 600 

for microscopic monitoring during flow and are available with different precoatings (e.g., 601 

gelatin, poly-L-lysine, or collagen-IV) that ensure cell adhesion and a high degree of 602 

experimental reproducibility. This protocol uses a microfluidic system (see Table of Materials) 603 

for the establishment of a perfusable infection model for S. pneumoniae, thereby mimicking 604 

the flow situation within the human vascular system8.  605 

 606 

The described general procedure of bacterial cell attachment in this microfluidic system can 607 

also be conducted with other types of pump systems generating a defined and continuous 608 

flow in a sterile environment. For microfluidic purposes, mainly four types of flow control 609 

systems are used: i) peristaltic pumps and recirculation pumps, which are used in this protocol, 610 

ii) syringe pumps, iii) pressure controllers, and iv) pressure controllers with flow switch 611 

matrices. Each kind of flow control system has advantages and drawbacks depending on the 612 

specific microfluidic application and the ability to carry out microscopic visualization in real 613 

time. In most applications requiring a continuous circulation of the samples, recirculation 614 

pumps are combined with software-based pressure controllers to ensure a defined flow 615 

situation. This is also optimized in the pump system demonstrated here. The syringe-based 616 

pump systems can be subdivided into “classic” syringe pumps, which generate flow oscillation, 617 



and “pulseless” microfluidic syringe pumps. These syringe pump-based systems are generally 618 

easy to use, but flow control in dead-end channels is challenging using syringe pumps. 619 

Moreover, flow changes inside the chip might take some time, and a flow meter is required to 620 

determine the flow rate. Even pulseless syringe pumps might generate periodic pulsation on 621 

the flow rate due to the step-by-step motor of the syringe pump. Another two syringe pump 622 

device is able to generate an “infuse and withdraw”-based fluidic movement that applies 623 

defined shear forces on cell surfaces and is suitable for microdialysis applications even in a PC-624 

independent manner. This system must be combined with microtubing for connection of 625 

chambers or channel slides for cell cultivation followed by microscopic analyses.  626 

 627 

The abovementioned pressure controllers are flow control systems that pressurize the tank 628 

containing the sample, which is smoothly injected in a microfluidic chamber or on a chip. The 629 

pressure controllers can establish a pulseless flow and also provide flow rates in combination 630 

with flow meters. A combination of pressure controllers with flow switch matrices enable a 631 

fast flow switch with no back flows. The recirculating system presented here enabled the 632 

generation of shear stress values typically reported for the human vascular system26. In vivo 633 

vascular wall shear stress has been estimated from wall shear rates as derived from non-634 

invasively recorded velocity profiles, and whole blood viscosity in large arteries and plasma 635 

viscosity in arterioles26. Reneman and Hoeks recorded velocity profiles in large arteries by 636 

using a specially designed ultrasound system and in arterioles via optical techniques using 637 

fluorescent flow velocity tracers26. An average shear stress of 11-13 dyn/cm2 is reached in the 638 

carotid artery, as opposed to only 4-5 dyn/cm2 in the brachial artery. Peak values of up to 25-639 

70 dyn/cm2 have been monitored for the carotid artery. The shear stress values of small and 640 

middle veins ranges between 0.1 and 0.5 dyn/cm2. In the microfluidic system described here, 641 

the applicable shear stress value depends on the selected perfusion tubing diameter, the 642 

height of the channel slide, and the viscosity of the fluidic medium used. The selected fluidic 643 

setting was composed of a slide with 0.4 cm in height (volume of 100 µl) in combination with 644 

a perfusion set of 50 cm in length and 1.6 mm in diameter and the medium viscosity was 645 

0.0072 [dyn∙s]/cm2. This setting is appropriate for a shear stress range between 3.5 and 31.2 646 

dyn/cm2 at flow rates of 3.8 mL/min−33.9 mL/min. In addition, the pressure pump software 647 

control can apply a pulsed medium flow that could mimic a pulsed arterial blood flow.  648 

 649 

The successful, reliable, and reproducible use of this combined microfluidic infection method 650 

requires some precautions that must be kept in mind. During the infection process under 651 

microfluidic conditions, the cell layer might be exposed to cytotoxic or cytolytic bacterial 652 

compounds such as pneumolysin, which affect the eukaryotic cell viability and weaken the cell 653 

adherence to the slide surface. Therefore, keeping a constant flow is required throughout the 654 

whole course of the experiment and the integrity of the cell morphology must be frequently 655 

monitored. Moreover, the flow culture medium should provide all essential nutrients to the 656 

endothelial cells to ensure a tight surface attachment of the cells throughout the infection 657 

experiment. Nevertheless, it must be noted that medium supplements contain substances 658 

that might interfere or inhibit the interaction between the bacteria and specific host proteins. 659 

In studies of pneumococcus-VWF interaction for example, heparin must be depleted from the 660 

cell culture medium, because it inhibits the binding of pneumococci to VWF8.  661 

 662 

Another critical step in flow culture of endothelial cells is the maintenance of tight cell 663 

adhesion, which depends on the overall cell vitality and on the level of differentiation. Shear 664 

flow-resistant cell adhesion of primary endothelial cells was only achieved when cells were 665 



strictly kept in subconfluency before exposure to shear stress. On the other hand, the 666 

production of WPB directly depends on the confluency of the endothelial cell layer promoting 667 

tight cell-cell-contacts13. The benefit of the microfluidic cell culture of primary endothelial cells 668 

covers the strongly induced cell proliferation that quickly leads to the formation of a confluent 669 

cell layer under flow conditions. The cells are tightly attached to each other, are collectively 670 

oriented in the direction of flow, and represent a highly differentiated phenotype that is 671 

required to produce secretory WPB. These WPB serve as storage vesicles for VWF, 672 

vasodilation activators, and cytokines that are exocytosed as protein bursts upon histamine 673 

stimulation or pneumolysin activity27,13. Therefore, the generation of a highly adhesive, 674 

confluent cell layer of differentiated primary endothelial cells in low proliferation passages is 675 

an indispensable prerequisite for efficient VWF release and the formation of VWF strings on 676 

the cell surface and the analyses of bacteria-VWF-interaction in flow conditions. Thus, it has 677 

to be noted that the differentiation of the endothelial cells took 48 h of flow cultivation at a 678 

minimum and required a constant shear flow without any variations in the pump pressure. 679 

Any variations might lead to a sudden medium blast, which would flush the cells out of the 680 

slide. Moreover, during microscopic visualization the microfluidic slide and the medium 681 

reservoirs of the pump system needed to be kept at a temperature of 37 °C as this represents 682 

the temperature optimum of the human cells.  683 

 684 

Immortalized human cell lines are suitable for many scientific experiments and are often 685 

employed in cell culture infection studies. These cell lines share some general technical 686 

advantages, such as low or moderate culture requirements and unlimited proliferation, which 687 

enables passaging several hundred times without significant changes in morphology or 688 

receptor profiles. However, these cell lines represent a solitary monoculture and are subjected 689 

to artificial two-dimensional growth conditions.28 The missing physiological source tissue 690 

environment results in substantial changes of functional and morphological cell phenotype 691 

with every passage of the culture29. Prior to other bacterial adhesion experiments, the profile 692 

of surface-exposed cell-type specific marker proteins and receptors of human primary lung 693 

endothelial cells at different cell culture passages was determined. The flow cytometry 694 

analysis revealed a strongly reduced expression of specific surface proteins such as the 695 

platelet endothelial cell adhesion molecule 1 (PECAM1) within eight rounds of cell passaging. 696 

Moreover, the expressed integrin receptor profile was significantly changed in higher cell 697 

passages in favor of a cell type-unspecific integrin receptor pattern and a reduced cell type-698 

specific integrin receptor pattern (Bergmann et al., unpublished data). These results are 699 

particularly relevant for analyses of pathogen-host interactions in infection biology studies. 700 

With the aim of sustaining the phenotypic cell characteristics and a high level of functional 701 

differentiation during microfluidic cell culture at the time of bacterial infection, primary 702 

endothelial cells from multiple donors were chosen in this case and used only up to five 703 

passages at maximum in order to keep the phenotypic characteristics as specific as possible8.  704 

 705 

The combined visualization of bacteria and specific cell surface structures during flow requires 706 

an optimized fluorescence staining protocol. Using different combinations of directly labelled 707 

proteins, fluorescence protein-expressing bacteria, and fluorescence-conjugated antibodies, 708 

immunofluorescence staining procedures can be specifically adapted to the visualization 709 

targets. These procedures enable a defined and clear microscopic visualization and also a 710 

differentiation and quantification of bacterial adherence and internalization3,13,30,31. The 711 

immunofluorescence-based detection of internalized bacteria requires a cell permeabilization 712 

step such as a short Triton X-100 incubation, which might lead to cell detachment. Therefore, 713 



the detection of bacterial internalization processes occurring in a flow culture should be 714 

visualized after flow incubation using PFA-crosslinked samples. For real time visualization of 715 

bacteria in flow, the use of genetically modified bacteria expressing fluorescence proteins 716 

enables a quick and targeted microscopic detection. RFP-expressing pneumococcus strains 717 

that were generated using an efficient genetic construct designed by Kjos and Veening16,8 718 

were used in this experimental study. For detection of VWF strings in flow, different VWF-719 

specific fluorescein-labelled antibodies were tested and could be used. To obtain an optimal 720 

signal response at a minimized unspecific background, the adequate antibody concentration 721 

was consistently titrated for each applied antibody.  722 

 723 

For microscopic live cell imaging, the fluidic unit and the channel slide are removed from the 724 

CO2 incubator and placed into a chamber prewarmed to 37 °C at the microscope. This chamber 725 

could not be adjusted to 5% CO2. Without a carbonate-buffered atmosphere, HUVEC 726 

morphology and bacterial fitness remained intact for up to 180 min, which is enough for 727 

analysis of VWF-mediated bacterial adherence. If longer infection times and microscopic 728 

monitoring outside of a CO2 incubator are required, a buffered cell culture medium should be 729 

used in order to compensate for pH shifts due to inadequate CO2 concentration. Alternatively, 730 

the whole system could be placed back into the CO2 incubator in between the steps of a time 731 

series of microscopic visualization.  732 

 733 

In addition to the fluorescence detection in real time, the bacterial infection of the 734 

endothelium within the channel slide can be stopped and preserved by medium exchange 735 

with paraformaldehyde (PFA) as a fixation substance. After fixation in the flow, the optimized 736 

and stepwise immunofluorescence staining of the cell surface within the channel slide enables 737 

the generation of valuable microscopic snapshot visualizations and provides a versatile 738 

combined structure detection of specific cellular compounds involved in the interaction 739 

between bacteria and host cells. The scientific benefit of this combined method is that the 740 

PFA-treated channel slide can be stored and used for a post-flow immunofluorescence 741 

staining of the structures of interest. The PFA treatment inactivates the bacteria and thus 742 

arrests the expression of RFP-protein. Therefore, a pneumococcus-specific antiserum was 743 

generated in rabbit for bacterial immune detection and visualization was performed using a 744 

rabbit-specific AlexaFluor568-conjugated secondary antibody8. As already mentioned, the use 745 

of different antibody combinations requires an exact optimization of antibody amounts and 746 

the blocking buffer composition. Otherwise, unspecific background signals and cross-747 

detection effects might lead to artificial staining results. An optimized immunofluorescence 748 

staining procedure can easily be used for the detection of many different cellular targets such 749 

as the actin cytoskeleton or endosomal markers13,31.  750 

 751 

This procedure can be adapted to create a more complex tissue environment that mimics 752 

physiology from a histologic, physiological, and functional point of view. The presented 753 

infection analyses can be efficiently used to answer several scientific questions at the same 754 

time by using an in line-connection of several channel slides to one perfusion set. This 755 

extended set up would facilitate the analyses of different cell types, cell confluences, and 756 

different slide-coatings within the same flow setting in parallel and allow a direct comparison 757 

of bacterial infections of different cell types. Moreover, the serial in line connection and 758 

combined analyses of several channel slides also provides the possibility of time series 759 

experiments, which can be applied for gene expression profiling (e.g., the analysis of infection 760 

time-dependent virulence factor gene expression).  761 



The infection analyses can also be extended to a constant laminar flow condition lasting 762 

several days or even weeks in order to analyze cellular response in conditions mimicking a 763 

long-term chronic infection phase. In addition to the presented single-cell type culture, some 764 

examples of heterotypic cell culture in microfluidic cell culture devices have already been 765 

reported32,33. This allows for high throughput pharmacological studies and might ultimately 766 

result in using microfluidic cell culture systems for regenerative purposes as well34. 767 

 768 

In summary, the microfluidic system in combination with immune staining procedures served 769 

as a valuable model for the analysis of pathomechanisms between bacteria and host cells in 770 

an environment that simulates the conditions within the vascular system.  771 
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Name of Material/Equipment Company Catalog Number

1 mL Luer-syringe Fisher Scientific 10303002

2 mL Luer-syringe Sarstedt 9077136

Accutase eBioscience now thermo fisher 00-4555-56

AlexaFluor350-conjugated Phalloidin Abcam ab176751

AlexaFluor488-conjugated goat-derived anti-mouse antibody Thermo Fisher Sientific A11001

AlexaFluor568-conjugated goat-derived anti-rabbit-antibody Thermo Fisher Scientific A-11011

Bacto Todd-Hewitt-Broth Becton Dickinson GmbH BD 249210

Bovine Serum Albumin (BSA) Sigma Aldrich A2153-25G

Cell culture flasks with filter TPP 90026

Centrifuge Allegra X-12R Beckman Coulter Life Sciences 392304

Centrifuge Allegra X-30 Beckman Coulter Life Sciences B06314

Centrifuge Z 216 MK Hermle 305.00 V05 - Z 216 M

Chloramphenicol Carl Roth GmbH + Co. KG, Karlsruhe 3886.2

Clamp for perfusion tubing ibidi 10821

CO2-Incubator Fisher Scientific MIDI 40

CO2-Incubator Sanyo MCO-18 AIC

Colombia blood agar plates Becton Dickinson GmbH PA-254005.06

Computer Dell Latitude 3440

Confocal Laser Scanning Microscope (CLSM) Leica DMi8

Di Potassium hydrogen phosphate (KH2PO4) Carl Roth GmbH + Co. KG, Karlsruhe 3904.1

Drying material Merck 101969

ECGM supplement Mix Promocell C-39215
ECGMS Promocell C-22010

Endothelial Cell growth medium (ECGM, ready to use) Promocell C-22010

Fetal Calf Serum (FCS) biochrome now Merck S 0415

FITC-conjugated goat anti-human VWF antibody Abcam ab8822
Fluidic Unit ibidi 10903

Gelatin (porcine) Sigma Aldrich G-1890-100g

histamine dihydrochloride Sigma Aldrich H-7250-10MG

Human Umbilical Vein Endothelial Cell (HUVEC) Promocell C-12203 Lot-Nr. 396Z042
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Human VWF-specific antibody derived from mouse 

(monoclonal) Santa Cruz sc73268

Injection Port ibidi 10820

Light microscope Zeiss Axiovert 35M

Luer-slides I0.4 (ibiTreat472microslides) ibidi 80176

Magnesium sulfate (MgSO4, unhydrated) Sigma Aldrich M7506-500G

Microfluidic Pump ibidi 10905

Neubauer cell counting chamber Karl Hecht GmbH&Co KG 40442002

Paraformaldehyde 16% (PFA) Electron Microscopy Sciences 15710-S

Perfusion Set ibidi 10964

Phosphate-buffered saline (PBS)

Plastic cuvettes Sarstedt 67,741
Pneumococcus-specific antiserum Pineda

Polystyrene or Styrofoam plate

Potassium chloride (KCl) Carl Roth GmbH + Co. KG, Karlsruhe 6781.1

Pump Control Software (PumpControl v1.5.4) ibidi v1.5.4

reaction tubes 1.5/ 2.0mL Sarstedt  72.706/ 72.695.500

reaction tubes with 50 mL volume Sarstedt 62,548,004

RFP-expressing pneumococci National Collection of Type Cultures, Public Health England10,319

serological pipets 5, 10 mL Sarstedt  86.1253.025/ 86.1254.025

Sodium Carbonate (Na2CO3, water free) Sigma Aldrich 451614-25G

Sodium dihydrogen phosphate (NaH2PO4) Carl Roth GmbH + Co. KG, Karlsruhe P030.2

Spectral Photometer Libra S22 Biochrom 80-2115-20

Sucrose Sigma Aldrich S0389-500G
Triton X-100 Sigma Aldrich T9284-500ML

Yeast extract oxoid LP0021



Comments/Description

with 1 mL volume for gelatin injection using the luer-connection of the slides

For pieptting/injecting fluids into the luer connections of the channel chamber slides

protease mix used for gentle detachment of endothelial cells

no concentration available from the manufacturer, stock solution is sufficient for 300 tets, company recommends to use 100 µl of a 1:1000 dilution, blue fluorescence (DAPI-filter settings)

stock concentration: 2 mg/mL for immunostaining of human VWF in microfluidic slide after PFA fixation, green fluorescence 

stock concentration: 2 mg/mL for immunostaining of pneumococci in microfluidic slide after pFA fixation, red fluorescence

complex bacterial culture medium 

solubilized, for preparation of blocking buffer

subcultivation of HUVEC in non-coated cell culture flasks of 25cm2 surface

spinning down of bacteria (volumes of > 2mL)

spinning down of eukaryotic cells

spinning down of bacteria (volumes of less than 2 mL)

used in a concentration of 0.2 /mL for cultivation of pneumococci transformed with genetic construct carrying red fluorescent protein and chloramphenicol resistance cassette 

for holding the liquid in the tube bevor connecting the slide to the pump system

incubator size is perfectly adapted to teh size of the fluidic unit with connected channel slide and was used for flow cultivation at 37°C and 5% CO2 

for incubation of bacteria and cells in a defined atmosphere at 5% CO2 and 37°C

agar-based complex culture medium for S. pneumoniae supplemented with 7% sheep blood

Comuter with pressure pump software 

An inverse microscope with a stage covered by a heatable chamber and with a fluorescence unit equipped with fluorescence filter, Xenon-light source (SP8, DMi8) and DFC 365 FX Kamera (1392 x 1040, 1.4 Megapixel) 

used for PBS buffer

orange silica beads for drying used in a glass bottle with a tubing adaptor 

supplement mix for ECGM -medium, required for precultivation of endothelial cells: 0.02 mL/mL Fetal calf serum, 0.004 mL/ mL endothelial cell growth supplement, 0.1 ng / mL epidermal growth factor, 1 ng / mL basic fibroblast growth factor, 90 µg / mL heparin, 1 µg / mL Hydrocortisone

ECGM supplemented with 5 % [w/w] FCS and 1 mM MgSO4 to increase cell adhesion

culture medium of HUVECs, already supplemented with all components of the supplement mix

supplement for cell culture, used for infection analyses 

stock concentration: 10 mg/mL, for immunodetection of globular and multimerized VWF in flow
fluidic unit for flow cultivation

for precoating of microslide channel surface

for induction of VWF secretion from endothelial Weibel Palade Bodies

primary endothelial cells from pooled donor, stored crypcoserved in liquid nitrogen



stock concentration: 200 µg/mL for immunostaining of VWF in microfluidic slide after PFA fixation

for injection of histamin or bacteria into the reservoir tubing during the flow circulation

inverse light microscope for control of eukaryotic cell detachement and cell counting using a 40 x water objective allowing 400 x magnification

physically modified slides for fludic cultivation (μ–Slide I0.4Luer with a channel hight of 0.4 mm, a channel volume of 100 μl, a growth area of 2.5 cm and a coating area of 25.4 cm2) suitable for all kinds of flow assay, the physical treatment generates a hydrophilic and adhesive surface.

For preparation of ECGMS medium

air pressure pump 

microscopic counting chamber for HUVECs

for cross linking of samples

Perfusion Set Yellow/Green has a tubing diameter of 1.6 mm, a tube length of 50 cm, a total working volume of 13.6 mL, a dead tube volume of 2.8 mL and a reservoir size of 10 mL. combined with the µ-slide L0.4Luer, at 37°C and a viscosity of 0.0072 dyn x s/cm 2 a flow rate range of 3.8mL/min up to 33.9 mL/min and shear stress between 3.5 dyn/cm2 and 31.2 dyn/cm2 can be reached. with 50 cm lenght for microfluidic

the solution was prepared using the following chemicals: 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2PO4 , pH 7.4

(2 x optic) for OD measurement at 600 nm

raised in rabbit using heat-inactivated Streptococcus pneumoniae  NCTC10319 and D39, IgG-purified using proteinA-sepharose column.

this is a precaution step to avoid cold stress on the cells seeded in the channel slides. Any type of styrofoam such as packaging box-material can be used. The plate might by 0.5 cm thick and should have a size of 20 cm 2.

used for PBS buffer

Computer software for controlling the pressure pump, setting the flow conditions and start/end the flow

required for antibody dilutions

Streptococcus pneumoniae serotype 47 expressing RFP fused to ahistone-like protein integrated into the genome

for pipeting larger volumes

for preparation of 100 mM Sodium Carbonate buffer

used for PBS buffer

measurement of optical density (OD) of bacterial suspension at 600 nm

for preparation of blocking buffer

Used in 0.1% end concentration diluted in dH20 for eukaryotic cell permeabilization after PFA fixation

bacteria are cultivated in THB supplement  with 1% [w/w] yeast extract = complete bacterial cultivation medium THY



no concentration available from the manufacturer, stock solution is sufficient for 300 tets, company recommends to use 100 µl of a 1:1000 dilution, blue fluorescence (DAPI-filter settings)

used in a concentration of 0.2 /mL for cultivation of pneumococci transformed with genetic construct carrying red fluorescent protein and chloramphenicol resistance cassette 

incubator size is perfectly adapted to teh size of the fluidic unit with connected channel slide and was used for flow cultivation at 37°C and 5% CO2 

An inverse microscope with a stage covered by a heatable chamber and with a fluorescence unit equipped with fluorescence filter, Xenon-light source (SP8, DMi8) and DFC 365 FX Kamera (1392 x 1040, 1.4 Megapixel) 

supplement mix for ECGM -medium, required for precultivation of endothelial cells: 0.02 mL/mL Fetal calf serum, 0.004 mL/ mL endothelial cell growth supplement, 0.1 ng / mL epidermal growth factor, 1 ng / mL basic fibroblast growth factor, 90 µg / mL heparin, 1 µg / mL Hydrocortisone



inverse light microscope for control of eukaryotic cell detachement and cell counting using a 40 x water objective allowing 400 x magnification

physically modified slides for fludic cultivation (μ–Slide I0.4Luer with a channel hight of 0.4 mm, a channel volume of 100 μl, a growth area of 2.5 cm and a coating area of 25.4 cm2) suitable for all kinds of flow assay, the physical treatment generates a hydrophilic and adhesive surface.

Perfusion Set Yellow/Green has a tubing diameter of 1.6 mm, a tube length of 50 cm, a total working volume of 13.6 mL, a dead tube volume of 2.8 mL and a reservoir size of 10 mL. combined with the µ-slide L0.4Luer, at 37°C and a viscosity of 0.0072 dyn x s/cm 2 a flow rate range of 3.8mL/min up to 33.9 mL/min and shear stress between 3.5 dyn/cm2 and 31.2 dyn/cm2 can be reached. with 50 cm lenght for microfluidic

this is a precaution step to avoid cold stress on the cells seeded in the channel slides. Any type of styrofoam such as packaging box-material can be used. The plate might by 0.5 cm thick and should have a size of 20 cm 2.



supplement mix for ECGM -medium, required for precultivation of endothelial cells: 0.02 mL/mL Fetal calf serum, 0.004 mL/ mL endothelial cell growth supplement, 0.1 ng / mL epidermal growth factor, 1 ng / mL basic fibroblast growth factor, 90 µg / mL heparin, 1 µg / mL Hydrocortisone



physically modified slides for fludic cultivation (μ–Slide I0.4Luer with a channel hight of 0.4 mm, a channel volume of 100 μl, a growth area of 2.5 cm and a coating area of 25.4 cm2) suitable for all kinds of flow assay, the physical treatment generates a hydrophilic and adhesive surface.

Perfusion Set Yellow/Green has a tubing diameter of 1.6 mm, a tube length of 50 cm, a total working volume of 13.6 mL, a dead tube volume of 2.8 mL and a reservoir size of 10 mL. combined with the µ-slide L0.4Luer, at 37°C and a viscosity of 0.0072 dyn x s/cm 2 a flow rate range of 3.8mL/min up to 33.9 mL/min and shear stress between 3.5 dyn/cm2 and 31.2 dyn/cm2 can be reached. with 50 cm lenght for microfluidic





Perfusion Set Yellow/Green has a tubing diameter of 1.6 mm, a tube length of 50 cm, a total working volume of 13.6 mL, a dead tube volume of 2.8 mL and a reservoir size of 10 mL. combined with the µ-slide L0.4Luer, at 37°C and a viscosity of 0.0072 dyn x s/cm 2 a flow rate range of 3.8mL/min up to 33.9 mL/min and shear stress between 3.5 dyn/cm2 and 31.2 dyn/cm2 can be reached. with 50 cm lenght for microfluidic
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Authors: Hilger Jagau, Ina-Kristin Behrens, Michael Steinert, and Simone Bergmann 

 

 

Dear Dr. DSouza, 

 

I thank you very much for sending the comments and the instructions for the revision of our 

manuscript. The editorial and the reviewer comments helped a lot to improve the quality of the 

manuscript. Please find below my line-by-line responses to the comments of the reviewers. The 

corrected text phrases were marked in green and the protocol steps selected for the video are 

marked in yellow. In addition to the revised manuscript I also attached the filled table of 

materials and Figure 1 and 2 in a better quality. Moreover, we have generated screen shots of 

important software settings and added the screen shot images as supplementary figures 1-4. I 

hope that all comments were clearly addressed. 

 

 

Kind regards, 

Simone Bergmann 
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Response to Editorial Comments: 

• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are  

no spelling or grammatical errors. 

Response: Grammar and spelling of the whole manuscript was approved. 

 

• Textual Overlap: Significant portions show significant overlap with previously published 

work. Please re-write the text on lines 101-116, 433-438, 442-446, 465-467, 492-507, 535-

538 to avoid this overlap. 

Response: Each of the above mentioned text parts were rewritten, clarified and extended 

(please refer to green text marks in the manuscript). 

 

• As HUVECs are used, please include an ethics statement before your numbered protocol steps 

indicating that the protocol follows the guidelines of your institutions human research ethics 

committee. 

Response: The ethics statement was included before the numbered protocol steps with the 

following sentence: “Ethic statement: The microfluidic cell cultivation was performed with 

primary human umbilical vein endothelial cells (HUVEC), which were purchased from the 

Company Promocell. The company isolated the cells with informed consent of the donor. 

This was approved by the Ethics Committee of Doctors Chamber of the Federal State Baden-

Wuerttemberg with the reference number: 219-04.” 

 

• Protocol Detail: Please note that your protocol will be used to generate the script for the 

video, and must contain everything that you would like shown in the video. 

1) Mention microscope magnification in 5.1. 

Response: For microscopic visualization, a HC PL APO CS2 63 x/1.40 oil objective was 

used, which enables a 630-fold magnification of the sample. We have included this 

information in the protocol step 5.1.3 and provided the details in table of materials. 

 

• Protocol Highlight: After you have made all of the recommended changes to your protocol 

(listed above), please re-evaluate the length of your protocol section. There is a 10-page limit 

for the protocol text, and a 3- page limit for filmable content. If your protocol is longer than 

3 pages, please highlight ~2.5 pages or less of text (which includes headings and spaces) in 

yellow, to identify which steps should be visualized to tell the most cohesive story of your 

protocol steps. 



     1) The highlighted steps should form a cohesive narrative, that is, there must be a logical 

flow from one highlighted step to the next. 

Response: The protocol steps for the video are highlighted in yellow. They will present the 

most important steps in a cohesive narrative and they follow a logical flow. 

 

• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion 

should be similarly focused. Please ensure that the discussion covers the following in detail 

and in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations 

of the technique, 3) significance with respect to existing methods, 4) future applications and 

5) critical steps within the protocol. 

Response: The discussion was critically approved and the paragraphs were subdivided into 

the above mentioned headings in a slightly changed order. Moreover, some technical aspects 

were added and discussed to more detail (please refer to the additional text passages marked 

in green). 

 

• References: Please spell out journal names. 

Response: all journal names were spelled out. 

 

• Commercial Language:JoVE is unable to publish manuscripts containing commercial 

sounding language, including trademark or registered trademark symbols (TM/R) and the 

mention of company brand names before an instrument or reagent. Examples of commercial 

sounding language in your manuscript are ibidi®, (µ-slides; ibidi®, falcon, Luer0.4 265 µ-

slide, ibiTreat 472 ®microslides,  etc 

1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial 

sounding language in your manuscript with generic names that are not company-specific. 

All commercial products should be sufficiently referenced in the table of materials/reagents. 

You may use the generic term followed by “(see table of materials)” to draw the readers’ 

attention to specific commercial names. 

Response: all commercial sounding terms were deleted or exchanged with generic terms, 

such as “channel slide” instead of µ-slide and “tube” instead of “falcon”. 

 

• Table of Materials: Please revise the table of the essential supplies, reagents, and equipment. 

The table should include the name, company, and catalog number of all relevant 

materials/software in separate columns in an xls/xlsx file. Please include items such as 



reagents, cell lines, culture media, microscope, slides, µ slides, culture plates, bacterial 

strains, agar, FCS, ECGM, microfluidic pump, spectrometer, cell counter, antibodies along 

with their concentrations and RRIDs, etc. 

Response: I apologize for not sending the filled table- this was my mistake. Please find 

attached the Excel-file with the filled table of materials. 

 

• Please define all abbreviations at first use. 

Response: all abbreviations were defined at first use and abbreviations were also clarified 

to detail in table of materials.  

 

• Please use standard abbreviations and symbols for SI Units such as µL, mL, L, etc., and 

abbreviations for non-SI units such as h, min, s for time units. Please use a single space 

between the numerical value and unit. 

Response: standard abbreviations were used only. 

 

• If your figures and tables are original and not published previously or you have already 

obtained figure permissions, please ignore this comment. If you are re-using figures from a 

previous publication, you must obtain explicit permission to re-use the figure from the 

previous publisher (this can be in the form of a letter from an editor or a link to the editorial 

policies that allows you to re-publish the figure). Please upload the text of the re-print 

permission (may be copied and pasted from an email/website) as a Word document to the 

Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please 

also cite the figure appropriately in the figure legend, i.e. "This figure has been modified 

from [citation]." 

Response: for the images shown equipment in Figure 1, we submitted a permission for 

image publication from the company as PDF File. In Figure 1 and 2 we have reused images 

from our publication in Frontiers in Microbiology. This Journal has published the permission 

to reuse result figures according to their editorial policies. Please refer to  

https://www.frontiersin.org/legal/terms-and-conditions. 

 

Responses to Comments from Peer-Reviewers:  

Reviewer #1: 

Manuscript Summary: The manuscript form Jagau et al. describes the application of a 

unidirectional pump flow system to investigate the adhesion of pneumococci to endothelial 



cells. The manuscript is clearly written and provides helpful information in order to perform 

comparable experiments. However several experimental steps required better explanation. The 

focus of the paper is the investigation of VWF.  

 Would it be also possible to investigate other adhesion mechanisms/molecules? 

Response: The presented microfluidic approach can also be applied to study other adhesion 

mechanisms and proteins. In particular, it is best suitable for any interaction which involves 

mechanoresponsive adhesive components, which are not approachable using standard cell 

culture techniques. For example, it is known that the conformation of several extracellular 

matrix proteins differs depending on the specific location. Within the blood system, some 

glycoproteins such as fibronectin circulate in a more globular conformation, whereas the 

proteins appear as multi-connected di- and multimerized scaffold in the extracellular matrix. 

This option has been included in the discussion part into the chapter headed with the title 

“Significance with respect to existing methods”. 

 

 Major Concerns: 

The presented concepts of VWF exposure which are explained in the introduction are not 

clear. The authors should distinguish between the VWF/collagen matrix exposed after 

detachment of the endothelial cells (vascular injury) and the active release of VWF from the 

endothelium after stimulation promoting the formation of VWF strings on the endothelial 

cell surface. 

Response: The introduction has been focused to the details, which are relevant for the 

described new approach and clarified. 

 

 Is degas the correct term? Degasing of fluids is frequently performed to remove any gas from 

solutions. In the present paper, cell culture medium was equilibrated at 5% CO2 probably to 

adjust the pH of the CO2 sensitive culture medium? Moreover I did not understand why the 

authors equilibrate the slides prior to the coating with non-equilibrated gelatine solution. 

Wouldn't it make more sense to perform the coating prior to the CO2 equilibration? 

Response: The term “to degas” derives from the application manual from the pump system 

company. In order to clarify this term and procedure, we have described the degassing 

process more to detail in 3.2.1. and explained the reason for it using the following sentences: 

“Equilibrate a channel slide, a perfusion set of 1.6 mm in diameter and 50 cm in length (see 

table of materials) and an aliquot of ECGM-medium supplemented with 5% FCS and 1 mM 

MgSO4 (ECGMS) for 24 h in an incubator with 5% CO2- atmosphere to reduce the amount 



of air bubbles. If materials or liquids have been stored at RT or in the refrigerator, gases 

dissolved in the plastic and liquids will be released when heated up in the incubator during 

the experiment. Gas bubbles will then appear. Degassing all plastic components before the 

experiment will eliminate this effect. The gelatin solution is only applied in a very low 

volume which does not requires a degassing. 

Note: Each time you take the system out of the incubator, the process of gas absorption 

begins again. Therefore work quickly at RT and never leave the fluidic unit outside the 

incubator for longer time periods.” 

 

 The authors tried to smoothly adapt the cell to the flow conditions by starting the under-

flow-culture at 5 dyn/cm² for 30 minutes. Do the authors have any evidence that this is true? 

It is difficult to believe that 30 minutes are enough to allow an adaptation. 

Response: We started the flow culture at a shear stress of exactly 5 dyn/cm2 because the 

software-based pump pressure control enables the exact setting of shear stress depending on 

the used perfusion set, channel chamber height and medium viscosity. In our previous 

analyses we experienced that HUVEC cells tend to detach if we directly start with 10 

dyn/cm2. Instead, the cells remain attach to the chamber surface if this stepwise protocol 

beginning with 5 dyn/cm2 is applied. After 30 min we increased the shear stress to desired 

10 dyn/cm2, which is the required shear stress value for VWF string formation. I added this 

information in a note to protocol step 3.2.4. 

 

 Did the authors cultivate the cells under flow also in the presence of 5% CO2 or only at 

37°C. Currently, the reader would get the impression that those experiments (under flow 

cultivation and microscopy) were performed at 37°C only which would mean that the pH of 

the culture medium would increase to an alkaline pH rapidly. If so, experiments should be 

performed in a CO2 independent buffer system as most physiological processes are strongly 

pH dependent. Shift from an almost neutral physiological pH (~7.4) to an alkaline 

environment may affect the biology of bacterial adhesion and many other things 

Response: We thank the referee for this helpful advice. Indeed, we cultivated the cells under 

flow using a CO2-incubator at 37°C and 5% CO2 in order to avoid changes of the buffer pH. 

We have used a small CO2-incubator from the company Fisher Scientific for this incubation 

step, because the size of this incubator is perfectly adapted to the size of the fluidic unit with 

a connected channel slide. But any other type of CO2-incubator can be used for this step. I 

added this important information to protocol step 3.3.7. For the time of infection analyses 



and microscopic visualization, we had to remove the fluidic unit from the incubator due to 

the limited length of the perfusion tubing. The fluidic unit was placed in a small heating 

chamber prewarmed to 37°C and the channel slide was fixed with clamps on the microscope 

stage, which is totally covered by a temperature incubation chamber (3.3.6). We prewarmed 

the chamber for 24 h to 37°C. For this step, the use of a CO2-independent buffer system 

would allow longer infection times than 180 min. This step is also critically discussed in the 

discussion part in section “Limitations of the technique”.  

 

 The authors postulate that their experimental setup allows the visualisation of bacterial 

internalisation, which would be of high interest. However, the provided data showed 

bacterial VWF-binding only. 

Response: According to our studies, the VWF-mediated attachment of pneumococci does 

not induce bacterial uptake into HUVEC, therefore we cannot provide images with 

internalized bacteria. But in general, the described differential immunostaining procedure is 

well applicable for a differential detection of bacterial attachment in combination with 

bacterial internalization after PFA-fixation of the infected cells cultured together with 

bacteria under flow. This differential immunostaining just requires an additional incubation 

step with Triton X-100 to permeabilize the eukaryotic cells followed by incubation with 

primary bacteria-specific antibodies and a fluorescence-conjugated secondary antibody. 

Since this statement is not clear, I have rewritten this part in the discussion in section 

“Limitations of the technique” and explained it more to detail. I have removed the term 

“internalization” from the heading of the figure legend to figure 1 and I have also rewritten 

the last sentence of the summary. 

 

 The authors prewarm the stage of a confocal laser scanning microscope, finally they used 

epifluorescence microscopy for their experiments? 

Response: The used confocal laser scanning microscope is additionally equipped with 

fluorescence filter and a Xenon light source. The optic and the software are shared by the 

two systems. The fluorescence settings are used for the flow visualization because the 

adjustment to image changes is much faster than the settings of the laser optic. This might 

be a bit irritating to the readership, therefore we have clarified it in protocol step 4.2.1.  

 

 How did the authors visualise the HUVEC? They stated that they "create snap shots of at 

least 50 representative field views, each containing approximately 10 morphologically intact 



HUVEC". According to the reported microscope settings it is not clear how that was 

possible. 

Response: This is also a very important control, which I immediately clarified in the 

respective protocol step. In addition to the fluorescence monitoring, we always monitor the 

HUVEC cell layer using the bright field modus of the microscope in order to control cell 

morphology and layer integrity. In this regard, the epifluorescence camera of the microscope 

was used for optical monitoring of several fields of view in short time. I included this 

important information in the protocol to step 3.3.8. 

 

 Immunofluorescence staining was performed in a 100 mM Na2CO3 buffer containing 4% 

sucrose. Please provide the pH value of the buffer. As most researches would prepare such 

staining with PBS it would be helpful to explain this unusual buffer choice. 

Response: The pH of the buffer was set to 9.2. I have explained and clarified this choice in 

a note written to protocol step 6.2.3.: “In the described immune fluorescence setting, the 

antibody detection delivered optimal results if the antibodies were diluted in the above 

mentioned alkaline carbonate buffer. According to our experience, the used blocking 

substances and the recommended amount of antibodies are suitable for many applications. 

But each experimental set up might require individual optimization of antibody 

combination, antibody concentration, incubation time, and constitution of the blocking 

buffer. As alternative, a phosphate buffered system with neutral pH range might be as 

suitable as incubation buffer or even better. In case of weak fluorescence signals the 

concentration of secondary antibody should be increased. If too much unspecific 

fluorescence background noise is detected the amount of blocking substances should be 

increased.”       

 

 Minor Concerns: 

I encourage the authors to add detailed information of the used materials and reagents. 

Provided information such as in line 266, "…(green/yellow) …" are difficult to understand 

for researches that are not familiar with the ibidi pump system. 

Response: I am thankful for this comment. The perfusion tubing sets from this system differ 

in length and diameter and are differentially colored. This term was deleted and clarified to 

detail in the material list.   

 

 The authors wrote several times "access oxygen". Is that correct? 



Response: this term is irritating and was deleted.  

 

 The authors should exchange dyne/cm² to dyn/cm² 

Response: the term has been exchanged. 

 

 Line 329, resolution of the camera? 

Response: The images were taken at 1392 x 1040 resolution at 1.4 Megapixel using a DFC 

365FX Camera at the microscope. This information was included in list of materials in 

information to the CLSM. 

 

 Please replace the word "probe" by "sample" (section 6) 

Response: The word has been exchanged. 

 

 Please correct line 394. 

Response: the line was corrected. 

 

 The quality of the provided images should be improved. Bacteria are partially difficult to 

discriminate from the background and figure labels are sometimes too small and thus 

difficult to read (e.g. figure 2b). 

Response: Images and labels of Figure 2 were enlarged and improved.  

 

 

Reviewer #2: 

Manuscript Summary: The experiments is a very nice visualization of a pathologic 

interaction between bacteria and the surface of endothelial cells, mediated in blood flow via 

mechanosensitive proteins. 

The use of a commercial system made the experimental conditions very reproducible. 

I am not an expert in biology, so I cannot give any opinion about works/do not works from 

the biological and molecular point of view. 

I have some experience in the setting up of microfluidic experiments for cell adhesion assays 

or shear stress solicitations of cells in microfluidic conditions. 

The experiments is very interesting and the visualization of the phenomena seems to be clear 

and evident. 



The protocol is well explained, logical steps are well defined, cause- effect relation of each 

step is well defined and described. 

 

Major Concerns: 

The description of the set up is, on the other hand, very polarized on the use of the ibidi 

system so quantities, time intervals, flow rates, size of the chambers/ channel / slides are not 

very well defined because related to the ibidi systems features. 

As I underlined in the following comments, I suggest completing the description of the 

system at the aim to let the reader be able to reproduce the experiment in a customized set 

up, if he/she may desire. 

The ibidi system gives solid and reproducible experimental conditions but, from the 

microfluidic point of view, set up and conditions are quite easy to be reproduced in a normal 

customized, self-made setup, as long as the sizes, volumes, coatings, actions and 'numbers' 

are explicit. 

 

 265 - 3.2.1 what kind of ibidi microslide? There are different products on the website. 

Response: We have clarified the material description to detail including the special order 

number in the material list. We have used a “Luer0.4 ibi treat I µ-slide” for the presented 

approach. 

 

 273 - explicit the degassing procedure ( it is described on the ibidi datasheet but it takes time 

so better if you put it explicitly in the protocol) 

Response: We have described the degassing procedure more to detail in a note to protocol 

step 3.2.1 and explained the reason for it using the following sentences: 

“Note: This procedure is recommended by the manufacturer to degas the plastic equipment 

and to prewarm the medium, the perfusion tubes and the reservoirs. If materials or liquids 

have been stored at RT or in the refrigerator, gases dissolved in the plastic and liquids will 

be released when heated up in the incubator during the experiment. Gas bubbles will then 

appear. Degassing all plastic components before the experiment will eliminate this effect. 

Each time you take the system out of the incubator, the process of gas absorption begins 

again. Therefore, work quickly at RT and never leave the fluidic unit outside the incubator 

for longer time periods.” 

 

 277 - it is not clear to me what is a styropor plate 



Response: We have clarified this step by adding a note and changing the sentence in chapter 

3.2.3. “Place the gelatin-coated channel slide on a thin polystyrene or styrofoam plate to 

prevent decrease of the slide temperature….” 

“Note: Placing the channel slide on the cold metal surface of the clean bench could decrease 

the temperature of the slide bottom thereby generating cold stress to the endothelial cells….” 

 

 280 - better description of ' angular ' 

Response: We have exchanged the term by explaining more to detail. 

The new sentence of the note to chapter 3.2.3 is: 

“Note: During cell pipetting hold the slide a bit upwards to let air bubbles ascent and be 

removed from inside the slide.”   

 

 289 - better to put a description of this set otherwise the experiment would not be 

reproducible without the ibidi experimental set. ('Connect the degassed green/yellow'?) 

Response: We have clarified the material descriptions of each component of the pump 

system to detail and also included the description and the special order number in the 

material list. 

 

 291 - it is not clear to me what is the meaning of 'to get rid of access oxygen' 

Response: this term is irritating and was deleted and the required process was clarified. 

 

 299- 'start the flow at 5 dyne/cm2 ' is not the correct description of a flow. Please put the 

description of the flow rate in microL/min or ml /min, flow that generates the shear stress 

Response: We have included the equations for calculation of shear stress and the correlation 

between flow rate and shear stress (according to Cornish 1928) more to detail in the 

introduction part. In our setting, the flow rate at 10 dyn/cm2 corresponds to 10.86 mL/min. I 

have added this information in 3.3.2 and 3.3.4. In addition, we have included screen shots of 

each critical step of setting the pressure pump control software as supplemental figures 1-4. 

 

 304 - the flow speed - the velocity of the flow - again it is better to explicit the flow rate in 

in microL/min or ml /min 

Response: this system is using shear rate values, but using the equations described in 

introduction, the flow rates can be calculated and adapted to other pump systems. We have 

included this information to protocol steps 3.3.2 and 3.3.4 as mentioned above.  



 373 - 387-394 : when you say ' rinse' do you mean by means of a pipette? 

Response: the term “rinse” was deleted and the process was clarified in chapter 3.3.1 by 

adapting the sentence:  

“…flush the whole system with the liquid medium by starting the continuous medium flow 

with the pressure pump using 40 mbar pressure.” 

In chapters 6.2.2 - 6.2.6 the term “rinse” was exchanged with: “Wash the PFA-incubated 

channel slide three times using a 1 mL Luer syringe for injecting 200 µL 100 mM 

Na2CO3…” 

 

 436 - it is not clear to how long the flow in the microslide should stay on. How long is the 

experiment, how much buffer and solutions should be prepared to set up the experiment 

and observe the bacteria doing what you described. 

Response: Of course, this information is really necessary. We have added the information 

about time of flow cultivation (48 h), time of infection experiment and microscopic 

monitoring (2 h) and the required amount of buffers and solutions to the respective text 

passages of the protocol steps (2.2, 3.1, 4.1, 5.12, 6.2 and 6.2.1). The added information is 

marked in green. We also have included all required components in the list of materials. 

 

 472 - it is clear what the system does but not how the system is composed, dimensions, parts, 

functions. 

Response: In order to clarify the composition and purpose of this pump system, I have 

included a paragraph in the result section in which I describe to detail the single components 

of the system and the function of each of the components according to the work flow depicted 

in Figure 1.  

 

 478 – here, I may explicit what condition you mean (range of velocitiy, range of shear 

stress…) 

Response: In 2008, Reneman and Hoeks published in vivo measurements of vascular wall 

shear stress. I have included this values in the discussion and have set these values in 

correlation to the selected fluidic setting. (Please refer to the text in the discussion section 

marked in green beginning in line 700).  

 



 559 - amount of antibody ? it is mentioned the importance of the use of the right quantity to 

avoid visualization problems but I cannot find the guidelines to determine how to determine 

this quantity. 

Response: The use of an optimized antibody staining is indeed a critical step for the quality 

of immunofluorescence staining in general. In most cases, the manufacturer recommend a 

working concentration and a suitable blocking substance, which works fine for many 

applications. But sometimes, pretesting might be necessary using different amount of 

antibody in combination with different blocking substances, and incubated for different time 

periods to find the optimal staining procedure. Sometimes, antibodies from different sources 

or clone derivatives had to be compared before the optimal one is found, which is specific 

and sensitive enough. I have added some advice to the use of antibodies and constitution of 

blocking buffer in the protocol step 6.2.3 and clarified this topic in the troubleshooting 

section of the discussion. But this issue is not within the focus of this microfluidic-based 

infection protocol and a detailed description of this process would require a whole new 

protocol outline and would exceed the limitations of this manuscript.  

 

 Fig 1 

Insert n°3 - it is not clear the composition of the system, the use of the tube connected to the 

drying bottle. 

Insert n°4 it is not clear how the insertion of bacterial solution or histamine solution can be 

perturb the SS in the device (or maybe not but it is not clear). 

Response: Thank you for this important comment. I have clarified the composition of the 

system including all insets of Figure 1 and the work flow in general in the results part. I also 

described the purpose and mode of connection of a glass bottle filled with silica particles for 

drying the air of the pressure pump in chapter 3.3.1.    

 

 Table of materials is empty, should definitely not to be so. 

Response: I am very sorry, this was my mistake. I have added an Excel file with the filled 

table of materials to the resubmission.  

  

  

  

 



Suppl. Fig. 1:
Screenshot to 3.2.1
„Fluidic Unit Setup“
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Suppl. Fig. 2:
Screenshot to 3.2.1
„Flow Parameters“
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Suppl. Fig. 3:
Screenshot to 3.2.2
„Flow Parameters“
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Suppl. Fig. 4:
Screenshot to 3.2.4
„Flow parameters“
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Dear Fr. Bergmann, 

 In your JoVE publication „Figure1FlowScheme“ (see attached) you use three images of ibidi: 

-          µ-Slide I Luer on a microscope 

-          System overview of the ibidi Pump System 

-          Use of Inline Luer Injection Port 

  

With this letter, we officially permit the publication of these ibidi images in JoVE.  

  

If you have further questions, please do not hesitate to come back to us. 

  

Best regards, 

Susanne Seifert 
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