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SUMMARY: 20 
We describe the assembly, operation, and cleaning of a flow apparatus designed to image 21 
fungal biofilm formation in real time while under flow. We also provide and discuss quantitative 22 
algorithms to be used on the acquired images. 23 
 24 
ABSTRACT:  25 
In oropharyngeal candidiasis, members of the genus Candida must adhere to and grow on the 26 
oral mucosal surface while under the effects of salivary flow. While models for the growth 27 
under flow have been developed, many of these systems are expensive, or do not allow 28 
imaging while the cells are under flow. We have developed a novel apparatus that allows us to 29 
image the growth and development of Candida albicans cells under flow and in real-time. Here, 30 
we detail the protocol for the assembly and use of this flow apparatus, as well as the 31 
quantification of data that are generated. We are able to quantify the rates that the cells attach 32 
to and detach from the slide, as well as to determine a measure of the biomass on the slide 33 
over time. This system is both economical and versatile, working with many types of light 34 
microscopes, including inexpensive benchtop microscopes, and is capable of extended imaging 35 
times compared to other flow systems. Overall, this is a low-throughput system that can 36 
provide highly detailed real-time information on the biofilm growth of fungal species under 37 
flow. 38 
 39 
INTRODUCTION:  40 
Candida albicans (C. albicans) is an opportunistic fungal pathogen of humans that can infect 41 
many tissue types, including oral mucosal surfaces, causing oropharyngeal candidiasis and 42 
resulting in a lower quality of life for affected individuals1. Biofilm formation is an important 43 
characteristic for the pathogenesis of C. albicans, and numerous studies have been done on the 44 
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formation and function of C. albicans biofilms2–5, many of which have been conducted using 45 
static (no flow) in vitro models. However, C. albicans must adhere and grow in the presence of 46 
salivary flow in the oral cavity. Numerous flow systems have been developed to allow for live-47 
cell imaging6–10. These different flow systems have been designed for different purposes, and 48 
therefore each system has different strengths and weaknesses. We found that many of the flow 49 
systems appropriate for C. albicans were costly, required complex fabricated parts, or could not 50 
be imaged during flow and had to be stopped prior to imaging. Therefore, we developed a 51 
novel flow apparatus to study C. albicans biofilm formation under flow11. During the design of 52 
our flow apparatus, we followed these major considerations. First, we wanted to be able to 53 
quantify multiple aspects of the biofilm growth and development in real-time without requiring 54 
the use of fluorescent cells (allowing us to study mutant strains and unmodified clinical isolates 55 
easily). Second, we wanted all parts to be commercially available with little to no modifications 56 
(i.e., no custom fabrication), allowing others to more easily recreate our system, and allowing 57 
for easy repairs. Third, we also wanted to allow for extended imaging times at reasonably high 58 
flow rates. Lastly, we wanted, following a period of cells attaching to the substrate under flow, 59 
to be able to monitor the biofilm growth over an extended time without introducing new cells.  60 
 61 
These considerations led us to develop the two-flask recirculating flow system illustrated in 62 
Figure 1. The two flasks allow us to split the experiment into two phases, an attachment phase 63 
that draws from the cell-seeded attachment flask, and a growth phase that uses cell-free media 64 
to continue the biofilm growth without the addition of new cells. This system is designed to 65 
work with an incubation chamber for the microscope, with the slide and the tubing preceding it 66 
(2 to 5 - Figure 1) being placed inside the incubator, and all other components placed in a large 67 
secondary container outside the microscope. Additionally, a hotplate stirrer with an attached 68 
temperature probe is used to maintain fungal cells in the attachment flask at 37 °C. As it is 69 
recirculating, this system is capable of continuous imaging during flow (can be over 36 h 70 
depending on conditions), and can be used on most standard microscopes, including upright or 71 
inverted benchtop microscopes. Here, we discuss the assembly, operation, and cleaning of the 72 
flow apparatus, as well as provide some basic ImageJ quantitative algorithms to analyze the 73 
videos after an experiment. 74 
 75 
PROTOCOL:  76 
 77 
1. Assemble the Flow Apparatus. 78 
 79 
1.1. Configure the parts listed in the Table of Materials according to the schematic in Figure 80 
1 with the considerations discussed below.  81 
 82 
Note: For convenience, the flow apparatus is divided into two sides, the green side (everything 83 
upstream of the slide to the media flasks), and the orange side (everything downstream of the 84 
slide to the media flasks). 85 
  86 
1.1.1. Ensure that all of the flow apparatus is air tight to prevent leaks, with the sole exception 87 
of the media flasks (1 – Figure 1). To accomplish this, apply plumbers tape to any male 88 



   

threading before assembling except for the pulsation dampener (PD) and 2 µm filter bottle (FB), 89 
which do not require plumbers tape as the rubber gaskets keep them airtight. 90 
 91 
1.1.2. Apply ear clamps at every barbed fitting that is under positive pressure during normal 92 
operation (i.e., downstream of the pump). 93 
 94 
1.1.3. Use color coded lab tapes to label the valve locations with an A or G (for attachment and 95 
growth, respectively), the pump location, the slide connection locations, and the 0.2 µm filter 96 
connection.  97 
 98 
1.1.4. Determine the length of tubing to be used based on the distance between the flow 99 
system and microscope, keeping in mind that all the flow apparatus downstream of the pump 100 
to the flasks (majority of the orange side) should be in the secondary containment. Add 101 
approximately 1 m of extra tubing upstream of the slide (and preferably the bubble trap) to 102 
place within the microscope incubation chamber, as this ensures that all media reaching the 103 
slide will be at the correct temperature.  104 
 105 
1.1.5. Place the bubble trap as close as reasonably possible to the slide, preferably inside the 106 
incubation chamber during an experiment (bubbles often form along the tubing wall); however, 107 
keep in mind that it must be connected to a vacuum to operate.  108 
 109 
1.1.6. Ensure that the tubing between the FB and the 0.2-µm disposable filter is about 0.5 m 110 
long.  111 
 112 
1.1.7. Add an approximately 2 cm magnetic stir bar to each media flask.  113 
 114 
1.1.8. Obtain some form of tubing clamps to act as shut-off valves (hemostats can be used).  115 
 116 
1.1.9. For ease of use, keep the flow apparatus in an autoclavable basket. It can be helpful to 117 
have a second smaller basket in a larger one to allow easy separation of the green side and the 118 
orange side. 119 
 120 
1.1.10. For the attachment flask, using a 4-mm drill bit, drill an extra hole in the rubber stopper 121 
to accommodate the thermal probe (take care not to go through another hole). To get the 122 
tubing through the ports, push the tubing through with tweezers; once through, clamp the 123 
tubing to hold it in place, and then pull the tweezers back out. 124 
 125 
Note: If it is not possible to add the extra hole to the rubber stopper, a wide-mouth screw 126 
bottle with a four-port screw cap may work in place of the flask and rubber stopper. 127 
 128 
1.2. Once the flow system has been fully assembled, close the valves of both green and 129 
orange side growth flasks. Use water with the attachment flask tubing and a graduated cylinder 130 
to calibrate the peristaltic pump according to the manufacturer’s instructions.  131 
 132 



   

2. Perform an Experiment. 133 
 134 
2.1. The day before the experiment, begin pre-heating the microscope incubation chamber 135 
to 37 °C, and prepare an overnight culture of a fungal strain (fluorescence is not required). 136 
 137 
2.2. Gather single use components and pump, and place in a sterile biosafety cabinet.  138 
 139 
2.3. Remove the bubble trap and the temperature probe from the flow apparatus and place 140 
these in the biosafety cabinet. 141 
 142 
2.4. Detangle and organize the tubing, if necessary. 143 
 144 
2.5. Autoclave the flow apparatus, including the stir bars, for 30 min to ensure sterility; when 145 
finished, transfer to the biosafety cabinet. 146 
 147 
2.6. Attach the bubble trap, temperature probe, and all single use components (except the 148 
slide) as depicted in Figure 1. 149 
 150 
2.6.1. For the 0.2 µm filter (11 – Figure 1), remove the plunger from the 1 mL syringe to make 151 
it as an “adapter”. Force the tubing from the FB into this end, and attach the 0.2 µm filter to the 152 
tubing leading to the growth flask.  153 
 154 
2.6.2. Apply silicone vacuum grease around the barb of the slide adapter (take care not to get 155 
any grease on the inside) prior to connecting it, as this helps prevent air leaks into the system.  156 
 157 
2.7. Fill the attachment flask with 100 mL of 1% (w/v) yeast extract, 2% (w/v) peptone, and 158 
2% (w/v) glucose (YPD), and fill the growth flask with 200 mL of YPD. Ensure that the green side 159 
tubing reaches the media in each flask. 160 
 161 
2.8. Ensure that all valves are open. Attach the bubble trap to a vacuum, and connect the 162 
pump to the green side tubing downstream of the bubble trap.  163 
 164 
2.9. Pump the fluid at a flow rate of 3.3 mL/min to completely fill the green side, then 165 
dispense and discard approximately 1-2 mL of the media because the first couple of milliliters 166 
often contain dead cells or random debris. Ensure that the green side of the tubing is filled with 167 
media, and has no bubbles downstream of the bubble trap before proceeding. 168 
 169 
2.10. Fill the channel slide and the reservoir with YPD, taking care not to introduce bubbles. 170 
 171 
2.11. Connect the slide to the flow apparatus, and pump more fluid to create a buffer of 172 
about 0.5 m on the orange side. This is to prevent accidentally trapping air in the slide in the 173 
event of backflow. 174 
 175 
2.12. Prepare the flow apparatus for the transport to the microscope: Clamp closed the inlet 176 



   

and outlet of the bubble trap, and clamp the green and orange side attachment flask valves 177 
closed. Ensure that the screw caps for the PD and FB are tight as they can loosen during 178 
autoclaving. 179 
 180 
2.13. Disconnect the pump from the tubing to make transport easier. Then move all 181 
components, including the hotplate stirrer, into a secondary container near the microscope. 182 
 183 
2.14. Prepare the flow apparatus for imaging. 184 
 185 
2.14.1. Attach the temperature probe to the hotplate stirrer and begin heating the attachment 186 
flask to 37 °C. Stir the media at 300 rpm and maintain this for the whole experiment. 187 
 188 
2.14.2. Mount the slide on the microscope, and use tape if necessary to tightly secure it.  189 
 190 
2.14.3. Attach the bubble trap to a vacuum (do not undo the clamp yet). 191 
 192 
2.14.4. Connect the pump to the flow apparatus at the location indicated on Figure 1. 193 
 194 
2.14.5. Start the pump at a flow rate of 3.3 mL/min, allow it to run for approximately 5-10 s, 195 
and then remove the bubble trap inlet/outlet clamp. 196 
 197 
2.14.6. Allow the pump to continue running while the attachment flask heats up. Once media 198 
has circulated throughout the flow system, check for normal operation.  199 
 200 
2.14.6.1. Check fittings for air leaking in upstream of the pump (some bubble formation is 201 
normal), or fluid leaking out downstream. 202 
 203 
2.14.6.2. Check that the growth media flask, PD, and FB are all dripping media from the 204 
inlet tube (if not, this could indicate a clogged filter, or an overtightened ear clamp).   205 
 206 
2.14.6.3. Using the microscope, check for attached or rolling cells on the channel slide. An 207 
excessive number of cells may indicate contamination during set-up, or that the 208 
polytetrafluoroethylene (PTFE) membrane of the bubble trap needs replacing. 209 
 210 
2.15. Once the attachment flask and incubation chamber are both at 37 °C, add enough 211 
overnight culture of the fungal cells to the attachment flask to reach 1 × 106 cells/mL. 212 
 213 
Note: The volume to add in µL can be calculated using this formula: 214 
 215 

1 ∗ 109

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑒𝑙𝑙 𝑠𝑡𝑜𝑐𝑘 (𝑐𝑒𝑙𝑙𝑠/𝑚𝐿)
∗ 100 𝑚𝐿 216 

 217 
2.16. Wait 15 min to allow the cells to acclimate.  218 



   

 219 
2.17. Open both green and orange side attachment flask valves while closing both growth 220 
flask valves to start the flow of cells.  221 
 222 
2.18. Wait for approximately 5 min to allow cells to reach the slide, and allow for initial 223 
focusing of the microscope (this time may need to be adjusted depending on the length of the 224 
green side tubing). During this time, adjust the microscope to the same imaging parameters 225 
used in previous experiments. If this is the first run, follow these steps: 226 
 227 
2.18.1. Switch to a low magnification air objective.  228 
 229 
2.18.2. Find and focus on an attached cell or small budding cell.  230 
 231 
2.18.3. Configure condenser for Köhler illumination, then switch to darkfield. 232 
 233 
2.18.4. Set the exposure time to 300 ms.  234 
 235 
2.18.5. Adjust the illuminating intensity until a small cell is dim yet clearly visible against the 236 
background (a signal to background ratio of approximately 7-8 for a budding daughter cell is a 237 
reasonable value). Note/mark the illuminating intensity for future experiments.  238 
 239 
2.18.6. Configure the software to acquire an image every 2 min over 2 h. 240 
 241 
2.19. Begin image acquisition for the attachment phase. Check back after approximately 5 and 242 
10 min to ensure that focus has been maintained. If not, attempt to adjust the focusing 243 
immediately after the next image is acquired. 244 
 245 
2.20. Immediately after the attachment phase has finished, save the file, and then open both 246 
green and orange side growth flask valves while closing both attachment flask valves. Take care 247 
not to bump the stage if any valves are inside the incubation chamber.  248 
 249 
2.21. Unplug the thermometer probe from the hotplate stirrer. 250 
 251 
2.22. Remove the attachment flask from the hotplate stirrer and place the growth flask in its 252 
place. 253 
 254 
2.23. Configure the software to acquire an image every 15 min over 22 h and begin image 255 
acquisition for the growth phase. Re-focusing should not be necessary, but it is highly 256 
recommended to check the flow apparatus after a few hours.  257 
 258 
2.23.1. Check fittings for air leaking in upstream of the pump (again some bubble formation is 259 
normal), or fluid leaking out downstream  260 
 261 
2.23.2. Check that the growth media flask, PD, and FB are all dripping media (if not, this could 262 



   

indicate a clogged filter, an overtightened ear clamp, or a clog at a barbed fitting if the cells 263 
being used flocculate). 264 
 265 
2.23.3. Check the fluid level in the FB. If the media is approaching the top of the bottle (over 1.5 266 
cm above the top of the filter), tighten both screwcaps (do not loosen them, as this flask is 267 
under pressure). If they will not tighten further, continue the experiment (though this may 268 
result in a leak), and replace the rubber gaskets on the PD and FB after the next cleaning. 269 
 270 
2.24. When the growth phase acquisition has finished, save the file, and then open the green 271 
and orange side attachment flask valves which will make a noise as the pressure releases on the 272 
orange side. Pull up on the green side tubing coming from both media flasks until they are at 273 
least several centimeters above the media. Run the pump at a high speed (approximately 100 274 
mL/min or hold the fast forward button on the pump) to remove all the media from the tubing, 275 
which makes cleaning much easier. When emptied, disconnect the flow apparatus from the 276 
pump, and remove it from the microscope.  277 
 278 
3. Clean the Flow Apparatus. 279 
 280 
3.1. Remove all non-autoclavable components (single use components, bubble trap, and 281 
temperature probe), and autoclave the flow apparatus for 30 min. Discard used single-use 282 
components, clean probe with 70% ethanol, and set aside bubble trap. 283 
 284 
3.2. After autoclaving is finished, discard media, and rinse and set aside media flasks. Then 285 
re-connect the bubble trap, connect an ibidi channel slide (reusable) to be used for cleaning, 286 
and connect the flow system to the pump at the location shown in Figure 1.  287 
 288 
3.3. Clamp closed the orange side growth flask valve.  289 
 290 
3.4. Place approximately 200 mL of undiluted bleach into a beaker. Place the rubber 291 
stoppers into the bleach, and then start the pump at a high speed to circulate bleach 292 
throughout the flow apparatus (except all the filters). Once filled with bleach, stop the pump 293 
because leave the pump on at a high speed can wear and break the tubing.  294 
 295 
3.5. After bleaching for 15 min, hold the rubber stoppers above the beaker and start the 296 
pump again to remove the bleach from the flow apparatus. 297 
 298 
3.6. Repeat steps 3.4 and 3.5 twice with excess water instead of bleach to rinse the flow 299 
system. During this time, clean the filters only with water because other cleaning agents will 300 
corrode or clog the filters. 301 
 302 
3.6.1. Place the tubing that would normally connect to the 0.2 µm media filter (coming from 303 
the 2 µm FB) into the beaker water with the rubber stoppers from step 3.6. 304 
 305 
3.6.2. Disconnect the tubing attached to the inlet of the 20 µm inline filter, which can usually 306 



   

be pulled apart with ease despite the ear clamp. 307 
 308 
3.6.3. Use a vacuum filter flask and a long section of tubing through a spare 3-hole stopper to 309 
create a vacuum system that can connect to the flow apparatus. 310 
 311 
3.6.4. Connect this vacuum system to the inlet of the 20 µm filter inlet, and start the vacuum; 312 
this will pull water through the filters in the reverse direction, removing dead cells. 313 
 314 
3.6.5. Pull at least 200 mL of water through the filters, then remove the tubing from the water 315 
to empty the filter lines of water.  316 
 317 
3.6.6. Disconnect the vacuum system from the 20 µm filter, and reconnect the filter to its 318 
normal tubing. 319 
 320 
4. Quantifying the Videos 321 
 322 
Note: All files need to be converted to the tag image file (TIF) format to work. Additionally, to 323 
compare between experiments, it is critical that all images are taken with the same microscope 324 
and imaging parameters, as discussed above. 325 
 326 
4.1. Download and install ImageJ if not already installed. 327 
 328 
4.2. Download the supplemental macro file, and place it in the ImageJ\macros folder. 329 
 330 
4.3. Adjust the provided macro: 331 
 332 
4.3.1. Open an image stack from a previous experiment in ImageJ, and select a time point with 333 
cells present. 334 
 335 
4.3.2. Select from the menu via Image | Type | 8-bit. 336 
 337 
4.3.3. Select from the menu via Image | Adjust | Threshold. Check the Dark Background box. 338 
Set the right side dropdown menu to Red. 339 
 340 
4.3.4. Adjust the lower value until all cells are covered in red with minimal excess noise (some 341 
non-cell speckling is okay and will be processed out by the macro). Make note of this lower 342 
value. 343 
 344 
4.3.5. Close both the Threshold window and the open image. 345 
 346 
4.3.6. Select from the menu via Plugins | Macros | Edit. When prompted to open a file: move 347 
up one folder level, then select the macros folder and open the flow biofilm quantification 348 
macro file. 349 
 350 



   

4.3.7. Change the 15 value in all instances of “setThreshold(15, 255);” to the value determined 351 
in step 4.3.4. Save the file and close this window. 352 
 353 
4.4. Select from the menu via Plugins | Macros | Install and select the flow biofilm 354 
quantification file. 355 
 356 
4.5. Now, under the Plugins | Macros menu, six new options for various video 357 
quantifications appear. Run the Complete analysis and select the attachment and growth video 358 
files when prompted to perform all available analyses on the acquired data and automatically 359 
generate output files. 360 
 361 
REPRESENTATIVE RESULTS:  362 
Representative images of a normal overnight time-lapse experiment using wild-type C. albicans 363 
cells at 37 °C can be seen in Figure 2A and Supplemental Video 1. The images have been 364 
contrast enhanced to improve visibility. Quantification of the original data was performed, and 365 
representative graphs can be seen in Figure 2B. To generate these graphs, the data were first 366 
normalized to the imaging area (i.e., divided by the total imaging area), and the detachment 367 
was further normalized to the biomass, as described above. Additionally, the attachment and 368 
detachment show the cumulative values over time, rather than the individual frame values 369 
generated by the flow biofilm quantification macro. Once the graphs have reached this stage, 370 
statistical comparisons can be performed through regression analyses.  371 
 372 
FIGURE AND TABLE LEGENDS:  373 
Figure 1: Schematic of the two-phase recirculating flow apparatus. Connecting black lines 374 
indicate tubing, and arrowheads indicate the direction of flow during normal operation. A. A 375 
general schematic overview of the flow system is illustrated. For convenience, the flow system 376 
is divided into a green side (upstream of slide) and an orange side (downstream of slide). Bold 377 
numbers correspond to parts listed in the Table of Materials. Labels for valves simply mark the 378 
location for tubing clamps or hemostats to be placed during experiments. Filter order is as 379 
follows: 8 – 20 µm inline filter, 9 – 10 µm inline filter, 10 – 2 µm filter bottle (FB), and 11 – 0.22 380 
µm single use disposable filter. Schematic is not to scale. B. A close-up view of the rubber 381 
stopper for the attachment flask, illustrating the four components that pass through the ports: 382 
the media outlet, the 0.2 µm air filter that allows gas exchange, the temperature probe 383 
(requires drilling an extra hole), and the media return. C. A close-up view of the pulsation 384 
dampener (PD) and the FB, as well as the screw cap assembly used for each port. These bottles 385 
need to be air-tight to function. The outlet tubing for the PD should reach deeper into the 386 
bottle than the inlet tubing for proper functioning. The gray rectangle in the FB represents the 387 
steel filter.  388 
 389 
Figure 2: Candida albicans wild-type cells grown under flow at 37 °C. A. Representative 390 
darkfield microscopy images of the microcolonies that form under flow at 37 °C at the indicated 391 
time points. Scale bar indicates 100 µm. B. Representative image quantification data. The total 392 
biomass within the imaging region (determined by densitometry analysis), the cumulative rate 393 
of cell attachment, and the percent biomass detachment (detachment rate normalized to the 394 



   

biomass) over time are shown for each strain. Data are means of n ≥ 3 experiments. 395 
 396 
Supplemental Video 1. Candida albicans wild-type cells grown under flow at 37 °C. This time-397 
lapse darkfield microscopy video shows the attachment of WT cells to the substrate during the 398 
attachment phase (time indicated in the upper left-hand corner; images acquired every 2 min), 399 
followed by the subsequent growth and development during the growth phase (starts at 2 h; 400 
images acquired every 15 min). Cell-seeded media (1 × 106) were used during the attachment 401 
phase, while cell-free media were used during the growth phase. Flow is from the right to left. 402 
Scale bar indicates 50 µm. 403 
 404 
DISCUSSION:  405 
Using the flow system as outlined above allows for the generation of quantitative time-lapse 406 
videos of fungal biofilm growth and development. To allow for comparisons between 407 
experiments it is of critical importance to ensure that the imaging parameters are kept the 408 
same. This includes ensuring that the microscope is set up for Köhler illumination for each 409 
experiment (many guides are available online for this process). Aside from imaging parameters, 410 
there are some important steps to keep in mind when working with the flow apparatus. First, it 411 
is important to ensure that the bubble trap is maintained under vacuum during fluid flow, as 412 
failure to do so will lead to air being pulled in through the bubble trap. Similarly, when the 413 
bubble trap is not under vacuum (i.e., when transporting the flow apparatus) both the inlet and 414 
outlet must remain clamped shut; otherwise air will leak in through the PTFE membrane. This 415 
clamp does not need to be removed until the bubble trap is once again placed under vacuum. 416 
Lastly, it is very important to monitor your flow apparatus for potential clogs or leaks. The most 417 
efficient way to check for clogs in your system is to check that there are media dripping from 418 
the inlets of the attachment or growth flask, the PD, and the FB. The media from these should 419 
be dripping at relatively similar rates if everything is operating smoothly. If a clog is present, you 420 
can generally determine the location as the tubing just upstream of the clog will be more rigid.  421 
 422 
Once the data have been obtained, we provide numerous ImageJ macros to quantitate the 423 
videos. These macros determine multiple parameters of biofilm growth and development, 424 
including a measure of the biomass, and the rate that cells attach to and detach from the 425 
surface or biofilm. Descriptions of the provided macros are provided below. 426 
 427 
Complete analysis performs all the analyses listed below, and automatically outputs the data. 428 
This macro can be executed without an open image file while all others require an open video. 429 
When executed, it will prompt the user to open an attachment stack file, then a growth stack 430 
file. Following this, it will automatically analyze the images and output a data folder containing 431 
all the data tables, as described below, to the same folder as the attachment image file. The 432 
attachment counter macro is performed only on the attachment file; all other analyses are 433 
performed on a concatenated stack of the attachment and growth files. The output data files 434 
generated are text files, but should be imported into excel for ease of use. 435 
 436 
The sum intensity analysis will analyze each frame of the active window. It adds up all gray 437 
values for each pixel that is above the lower threshold designated in step 4.3.7, and outputs 438 



   

one cumulative value per frame. The values generated are proportional to the biomass present 439 
within the frame, up until any camera saturation that occurs. The data should then be 440 
normalized to the area of the imaging region; this is not performed by the macro.  441 
 442 
The coverage area analysis will analyze each frame of the active window for the area of the 443 
frame that is covered by cells (above the lower threshold value) as a percentage. 444 
 445 
The attachment counter will use frame subtraction to determine the sum intensity of all the 446 
cells that attach between each frame. Thus, the first data point is the biomass of the cells that 447 
attach between frames 1 and 2; the second data point is the biomass of the attaching cells 448 
between frames 2 and 3, etc. These data should be normalized to the area of the imaging 449 
region. For easier readability, it is also helpful to integrate this value prior to graphing. 450 
 451 
The detachment counter works the same as the attachment counter, but reverses the frame 452 
subtraction, such that it determines the sum intensity of the cells that detach between each 453 
frame. These data should also be normalized to the area of the imaging region, and integrated 454 
prior to graphing. Prior to integration, these data can be further normalized to the total sum 455 
intensity of the preceding frame calculated in the sum intensity analysis. This new value 456 
represents the proportion of cells that detach from the biofilm at that time point, which is often 457 
more valuable data, since the biomass of the detaching cells will increase with increasing 458 
biofilm biomass. 459 
 460 
While the flow system presented here is more complicated to build and operate than other 461 
flow systems, it does offer several advantages. Many of these advantages result from our use of 462 
a commercially available channel slide. The tissue culture treatment available for these slides is 463 
sufficient to allow Candida cells to adhere to the surface. Additionally, the profile of this 464 
channel slide being similar to a traditional slide allows it to easily be used on a wide variety of 465 
microscope systems, including upright microscopes using transmitted light at low 466 
magnification. Using this type of microscope allowed us to use darkfield microscopy, which 467 
made the quantification of data much easier, especially compared to fluorescent microscopy 468 
(as there was no photobleaching and low phototoxicity). Traditional microscopy (without 469 
optical sectioning), is power conservative, meaning out of focus cells contribute similar 470 
numbers of photons to an image as in focus cells of similar size12. This means that, despite our 471 
single plane of imaging, the full 3D growing biofilm is still being quantified throughout the 472 
experiment, even though the higher regions are out of focus. This single-plane imaging has the 473 
advantage of dramatically lowering the phototoxicity damage to cells, but does not provide any 474 
information on the 3D architecture of the biofilm. However, this flow system can also be used 475 
with fluorescent cells and confocal microscopes to obtain this information13.   476 
 477 
The unique two flask recirculating setup of our flow apparatus also has many advantages. First, 478 
many flow systems require that the slides be pre-seeded with cells, however our use of a 479 
separate cell-seeded attachment flask allows us to image and quantify cells as they adhere to 480 
the slide while under flow, and we feel that this is more similar to what occurs in vivo. 481 
Additionally, we have previously been able to adjust our microscope for high-speed imaging 482 



   

and image adhesion events as they occurred in real-time, as opposed to quantifying them after 483 
the fact11. Second, having a cell-free growth flask that recirculates and can be maintained cell-484 
free over an extended duration allowed us to understand how biofilms grow under flow for 485 
over 24 h, a duration that cannot typically be accomplished with non-recirculating systems. We 486 
have not yet determined the upper time limit of what can be achieved with our flow system, 487 
but we have successfully completed 36 h experiments; however, the longer the experiment, the 488 
greater the chance of a leak or clogged filter. Numerous factors can affect the potential 489 
duration of an experiment, including the growth rate of the cells, how adhesive they are, and 490 
the degree of hyphae formation, making it difficult to define an upper limit on the duration of 491 
an experiment. However, if much longer durations are desired than can be achieved with the 492 
flow apparatus as presented, the filters can be replaced with an in-line ultraviolet (UV) 493 
sterilization box as has been previously described8. This sterilization box may also allow this 494 
flow apparatus to be used to image bacteria; our previous attempts to image bacterial strains 495 
resulted in rapid clogging of the 0.2 µm filter. Ultimately, we opted not to adopt UV 496 
sterilization, as the box is custom fabricated, and as this would result in recirculating dead cells.  497 
 498 
Another advantage of this flow system is that it is reasonably inexpensive relative to 499 
commercial systems, especially if you need to purchase a microscope with it. In our lab, we 500 
were able to purchase a basic transmitted light benchtop microscope and place the entire 501 
microscope inside a large standard convection incubator. The only major requirement is that 502 
the microscope should have a shutter function (either mechanical or electrical) in order to 503 
perform time-lapse microscopy.  504 
 505 
While this system is versatile and offers many advantages, it is a low throughput method. Our 506 
flow apparatus is unable to grow multiple strains in parallel, unlike other available flow 507 
systems. Due to the extensive preparation and cleaning time, we are only able to perform two 508 
experiments a week. However, many other flow systems are rather costly, and may clog when 509 
Candida cells are grown under hyphae forming conditions. 510 
 511 
Additionally, this flow system is quite complex compared to others, and can be difficult to keep 512 
in operation. After many experiments, filters begin to clog, tubing begins to wear thin, and 513 
parts start to rust or become loose; thus requiring these components to be replaced. The use of 514 
filters makes this system incompatible with growth conditions of some fungal strains; in 515 
particular, anything that induces flocculation will rapidly clog the 20 µm in-line filter. However, 516 
with sufficient experience using the flow system, it becomes easier to detect potential issues 517 
before they result in a failed experiment. One thing that can be done to make the everyday 518 
operation of the flow apparatus a little simpler is to have a machinist make a replica of the 519 
bubble trap housing out of an autoclavable material (such as aluminum or stainless steel), 520 
allowing you to autoclave the bubble trap with the rest of the flow apparatus such as the PTFE 521 
membrane and adapters that are autoclavable. 522 
 523 
In conclusion, the two-phase recirculating flow apparatus presented here represents a unique 524 
model to image and quantify in vitro biofilm formation of fungi under flow and in real-time. 525 
While the system has its limitations, it is highly adaptable and works well with most 526 



   

microscopes.  527 
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Name of Material/ Equipment Company Catalog Number Corresponding number in Fig. 1

Pump

Cole 

Parmer 07522-20 6

Pump head

Cole 

Parmer 77200-60 6

Tubing

Cole 

Parmer 96410-14 N/A

Bubble trap adapter

Cole 

Parmer 30704-84 3
Bubble trap vacuum adapter for 

1/4” ID vacuum line

Cole 

Parmer 31500-55 3

In-line filter adapter (4 needed)

Cole 

Parmer 31209-40 8,9

Orange-side Y

Cole 

Parmer 31209-55 7

Green-side Y ibidi 10827 2

* Slides ibidi 80196 4

* Slide luers ibidi 10802 4

Vacuum assisted Bubble trap

Elveflow/

Darwin 

microfluidi

cs

KBTLarge - 

Microfluidic 

Bubble Trap Kit 3

Media flasks Corning 4980-500 1

0.2 µm air filter Corning 431229 1
Threaded glass bottle for PD and 

filter flask (2 needed) Corning 1395-100 5,10
Ported Screw cap for PD and filter 

flask (2 needed) Wheaton 1129750 5,10

Screwcap tubing connector Wheaton 1129814 5,10

Tubing connector beveled washer Danco 88579 5,10

Tubing connector flat washer Danco 88569 5,10
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Clamps for in-line filters and 

downstream Y (7 needed)

Oetiker/M

SC 

Industrial 

Supply 

Company 15100002-100 7,8,9

Clamp tool

Oetiker/M

SC 

Industrial 

Supply 

Company 14100386 N/A

20 micron in-line media filter

Analytical 

Scientific 

Instrumen

ts 850-1331 8

10 micron in-line media filter

Analytical 

Scientific 

Instrumen

ts 850-1333 9

2 micron inlet media filter

Supelco/Si

gma-

Aldrich 58267 10

* 0.22 µm media filter Millipore SVGV010RS 11

* 0.22 µm media filter “adapter”

BD 

Bioscience

s 329654 11

Rubber stopper

Fisher 

Scientific 14-131E 1

Hotplate stirrer with external 

probe port

ThermoFis

her 

Scientific 88880006 N/A

Temperature probe

ThermoFis

her 

Scientific 88880147 N/A
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July 7th, 2018 

 

Dear Editors, 

 

On behalf of the authors, we appreciate your recent invitation to resubmit our manuscript entitled “Real-

time imaging and quantification of fungal biofilm development using a two phase recirculating flow 

system” (Manuscript #58457). We thank the reviewers for providing valuable input that we have used to 

improve the manuscript. Following are our specific responses (highlighted in bold) to the reviewers’ 

concerns. We hope that you now find our manuscript suitable for publication in the Journal of Visualized 

Experiments. 

 

Sincerely, 

 

 

Andrew McCall, Ph.D. 

 

 

Editorial comments: 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or 

grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision 

may be present in the published version. 

2. S Video 1: It is mentioned in line 316 but not provided. Please upload the video as “Animated/Video Figure” 

to your Editorial Manager account in the form of an .mov, .mp4, .m4v file. 

3. Please define all abbreviations before use. 

4. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. 

5. Please include a space between all numbers and their corresponding units: 15 mL, 37 °C, 60 s; etc. 

6. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For example, 1 

should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using bullets, dashes, or 

indentations. 

7. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). 

8. Lines 71-119, 137-139, 155-157, 178-180, 280-312: Please revise the protocol so that all text in the protocol 

section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure 

that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. 

Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that 

cannot be written in the imperative tense may be added as a “Note.” However, notes should be concise and 

used sparingly. Please include all safety procedures and use of hoods, etc. The Protocol should contain only 

action items that direct the reader to do something. Please move the discussion about the protocol to the 

Discussion. 
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9. Line 225: Please specify the high speed used in this step. 

10. Please include single-line spaces between all paragraphs, headings, steps, etc. 

11. There is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the Protocol (including 

headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should 

be visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will 

remain in the manuscript, and therefore will still be available to the reader. 

12. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from one highlighted 

step to the next. Please highlight complete sentences (not parts of sentences). Please ensure that the 

highlighted part of the step includes at least one action that is written in imperative tense. 

13. Please include all relevant details that are required to perform the step in the highlighting. For example: If 

step 2.5 is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and 2.5.2, 

then the sub-steps where the details are provided must be highlighted. 

14. Line 351: Please remove commercial language: ibidi®. 

15. Discussion: Please also discuss critical steps within the protocol, any modifications and troubleshooting of 

the technique. 

We have reviewed our manuscript and made the changes suggested above. 

 

 

Reviewers' comments: 

 

Reviewer #1: 

Manuscript Summary: 

This manuscript will be tremendously useful to the fungal biofilm community. The apparatus developed by the 

authors is slightly complex (as they acknowledge) but also quite inexpensive. A major strength is the ability to 

quantify several key biofilm parameters. The presentation of green and orange sides was very helpful. I also 

very much appreciated the authors' even handed presentation of the apparatus, though I felt that they were 

perhaps a little more negative about their approach than necessary. (The fact that a Bioflux sends you to the 

poorhouse, and that it clogs really fast when hyphae are used, are major problems with this alternative.) I also 

very much appreciated the section on cleaning the apparatus. Overall, bravo! 

 

Major Concerns: 

None. 

 

Minor Concerns: 

There were some minor English usage errors. 

- "couple feet" or "couple ml" should be "couple of feet" or "couple of ml" I believe. 

- "Ensure all valves are open" should be "Ensure that all valves are open" I believe. 

We have made these changes. 

 

Reviewer #2: 

Manuscript Summary: 

This manuscript describes a method for the real-time imaging of fungal attachment, growth, and detachment 

using reticulated flow of growth medium. The authors acknowledge that there are a number of systems 

available for studying the growth of fungi under flow conditions, but provide a valid justification for the 

visualisation of their protocol. Their arrangement has advantages in that cells do not have to be fluorescently 

labelled for visualisation, the reticulation of medium allows prolonged growth experiments, and the equipment 

should be relatively inexpensive to install. Thus there should be interest in the adoption of this technology. The 

authors provide detailed instructions and discuss the limitations of the system. I provide the following 

comments that could help improve the manuscript. 



 

Minor Concerns: 

1. Rather than simply stating that the fungal cells do not need to be fluorescently labelled, I think an unstated 

advantage of the system is that it allows the study of unmodified clinical isolates increasing the relevance of 

growth studies. 

We have added this to the introduction. 

2. I think the protocol section would benefit by beginning with a general description of the system. It is not clear 

at the outset that some of the equipment is within a temperature-controlled cabinet and some is outside the 

cabinet, but uses a hot plate. 

We have added a brief general description to the end of the introduction, just prior to the protocol. 

3. It is unclear how or why fungal cells should adhere in the chamber. Is it treated in some way to promote 

adherence (such as coating with poly-L-lysine)? 

The ibidi slides have a proprietary cell-adhesion coating (ibiTreat) that allows the cells to adhere. We 

have added this information to the manuscript. 

4. It is not clear what FB ('filter bottle') refers to. There is no 'filter bottle' on Figure 1, although the 'attachment 

flask' has a filter as does the 'filter flask'. 

We have revised figure 1, changing the filter flask to filter bottle. 

5. In protocol sections 1.6 - 1.8, feet and inches are used. As this is an international journal I think that SI units 

should be used. Likewise, in sections 16, 18, 23 and cleaning section 5, 'm' is used as an abbreviation for 

minute whereas 'm' is the SI unit for metres. Usually 'minute' is abbreviated to 'min'. 

We have made these changes. 

6. I don't think the protocol, in section 1.12, should introduce the possibility of alternative untried configurations. 

Either the authors should test the alternative set-up or they should limit the protocol to the set-up they used. 

In principle we agree, however I do not think everyone would be as comfortable drilling a hole in a 

rubber stopper, as it can be a little tricky to do (they may also not have access to a drill). This is why we 

mentioned the alternative configuration. We have made this more clear.  

7. It is unclear why large portions of the manuscript are highlighted in yellow. 

This is part of the JoVE submission process. The highlighted sections are for preparing the script for 

the video. 

8. In protocol section 6.1 the 0.2 µm filter is referred to as 'X' does this mean '10' because I think the 0.2 µm 

filter in Figure 1 is filter '11'. 

Our apologies, the X was meant as a place filler until Fig. 1 was finalized, this was supposed to be ‘11’.  

9. In section 14.7.2, I think it should be clarified that the 'dripping media' should be coming from the input tube. 

We have added this to the manuscript. 

10. In section 4, line 236, do the authors mean 200 ml undiluted bleach? This is quite a lot of bleach to be 

pumping around the system. 



Yes, undiluted bleach. We have tried using diluted bleach, but it does not clear the tubes of debris as 

well as undiluted bleach (based on the amount of debris in the ibidi slide at the start of the next run). 

We realize this is a lot of bleach, but bleach is cheap while small caliber tubing, PTFE membranes and 

micron pore size filters are not. Thus, we tend to err on the side of clearing the tubing as much as 

possible. We have clarified the use of undiluted bleach. 

11. Cleaning section 6.1, what is meant by "into the water", what water? 

The water being used to rinse the remainder of the flow system, from step 6. This has been clarified in 

6.1. 

12. Quantifying the videos section 3.7, should 'step 2.4' be 'step 3.4'? 

We have fixed this typo. 

13. In the analysis descriptions section 5, it would help if the analysis features, such as Complete Analysis 

were in italics to show that they are an analysis function. 

Great idea, we have made this change. 

14. Results section, lines 318-9, what does "normalized to the imaging area" mean? 

It simply means dividing by the imaging area. We have clarified this in the manuscript. 

15. I think the discussion section overemphasises potential difficulties with the system. In lines 390-2 I don't 

think it is necessary to say that it is difficult to use the system in a university - many facilities will allow long 

bookings of equipment. In lines 397-402 I don't think the authors should raise the possibility of forgetting steps. 

As scientists we should be trained to follow protocols precisely how ever many steps are involved. You can 

also forget steps in simple protocols with dire consequences and it is not necessary to warn people about 

forgetting them. 

We have removed these  sentences. 

16. The clogging of filters by cells detached from the slide occurred to me early on in the reading of the 

manuscript. It is mentioned in the discussion, but it would be good to know how long growth can be followed 

before filters clog. 

 The max time varies substantially, and this is one of the reasons we didn’t specify a value. Sadly, there 

are many variables that can influence when the filters clog. 

17. I think that the bubble trap in Figure 1 should have a line to vacuum marked on the plan. 

We have added a vacuum to the figure. 



July 12th, 2018 

 

Dear Editors, 

 

On behalf of the authors, we apologize for missing some of the editorial corrections during the revision 

process. Following are our specific responses (highlighted in bold) to the editorial comments. We hope 

that you now find our manuscript suitable for publication in the Journal of Visualized Experiments. 

Sincerely, 

 

 

Andrew McCall, Ph.D. 

 

 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling 

or grammar issues. 

We have proofread the manuscript. 

2. Please revise the text in Protocol to avoid the use of any personal pronouns (e.g., "we", "you", "our" 

etc.). 

We have removed the personal pronouns; sorry for those we missed last time. 

3. JoVE cannot publish manuscripts containing commercial language. This includes company names 

of an instrument or reagent. Please remove all commercial language from your manuscript and use 

generic terms instead. All commercial products should be sufficiently referenced in the Table of 

Materials and Reagents. 

We have removed all the commercial language from the manuscript. 

4. Please use standard SI unit symbols and prefixes such as µL, mL, L, g, m, etc., and h, min, s for 

time units. 

All units are in the SI standard. 

5. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For 

example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using 

bullets or dashes. 

Numbering is in the JoVE Format. 

6. Please number your protocol steps continuously. 

We have made this change. 

7. The highlighted protocol steps are over 2.75 page limit. Please adjust the highlighting. 

We have adjusted the highlighting. 

8. Line 55-65: Please do not use lists in Introduction. 
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We have made this change. 

9. Line 86: Please write this step in imperative tense. 

We have made this change. 

10. Line 118: Please write this step in imperative tense. 

We have made this change. 

11. Line 125: What’s the size of the hole? 

We have added this information. 

12. Line 272: Please write this step in imperative tense. 

We have made this change. 

13. Line 329: Please write this step in imperative tense. 

We have removed this step. 

14. Line 370: Please write this step in imperative tense. 

We moved this description to the discussion. 

15. Line 379: Please write this step in imperative tense. 

We moved this description to the discussion. 

16. Line 388: Please write this step in imperative tense. 

We moved this description to the discussion. 

17. Line 394: Please write this step in imperative tense. 

We moved this description to the discussion. 

18. Please sign the new Author License Agreement, which is attached to this email. Please upload it to 

your Editorial Manager account when you submit your revision. 

We have signed the new license agreement. 
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