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SUMMARY:  27 
Reported here is a protocol for the quantification of infectious viral particles using real-time 28 
monitoring of electrical impedance of infected cells. A practical application of this method is 29 
presented by quantifying influenza A virus decay under different physicochemical parameters 30 
mimicking environmental conditions. 31 
 32 
ABSTRACT:  33 
Methods for virus particle quantification represent a critical aspect of many virology studies. 34 
Although several reliable techniques exist, they are either time-consuming or unable to detect 35 
small variations. Presented here is a protocol for the precise quantification of viral titer by 36 
analyzing electrical impedance variations of infected cells in real-time. Cellular impedance is 37 
measured through gold microelectrode biosensors located under the cells in microplates, in 38 
which magnitude depends on the number of cells as well as their size and shape. This protocol 39 
allows real-time analysis of cell proliferation, viability, morphology and migration with enhanced 40 
sensitivity. Also provided is an example of a practical application by quantifying the decay of 41 
influenza A virus (IAV) submitted to various physicochemical parameters affecting viral 42 
infectivity over time (i.e., temperature, salinity, and pH). For such applications, the protocol 43 
reduces the workload needed while also generating precise quantification data of infectious 44 
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virus particles. It allows the comparison of inactivation slopes among different IAV, which 45 
reflects their capacity to persist in given environment. This protocol is easy to perform, is highly 46 
reproducible, and can be applied to any virus producing cytopathic effects in cell culture. 47 
 48 
INTRODUCTION:   49 
 50 
The transmission of a virus relies on the combination of several factors. For a virus secreted in 51 
the environment, its transmission also depends on the ability to persist in conditions outside of 52 
the host. Studying viral inactivation in general is, therefore, a crucial step in helping national 53 
health authorities and policy makers implement control and biosafety measures. 54 
 55 
Knowledge about virus persistence in natural and laboratory settings has increased considerably 56 
over the last decade. In the case of influenza A viruses (IAV), their transmission routes submit 57 
viral particles to a wide range of environmental conditions. Specifically, they can be transmitted 58 
via 1) fecal-oral routes through water (i.e., avian viruses), or 2) direct or indirect contact by 59 
contaminated fomites, as well as aerosols and respiratory droplets (i.e., poultry and mammalian 60 
viruses)1. In any case, IAV are submitted to various physicochemical parameters (i.e., pH, 61 
salinity, temperature, and humidity), which more or less rapidly affects their infectivity2–9. It is of 62 
great importance, especially regarding zoonotic and pandemic viruses, to assess the potential of 63 
environmental factors to affect virus dynamics and the risks of exposure and cross-species 64 
transmission. 65 
 66 
So far, traditional virology techniques (i.e., viral titer determination through plaque assays or 67 
50% tissue culture infectious dose estimation) have been used to assess IAV infectivity over 68 
time; but these techniques are time-consuming and require many supplies10–12. Measuring 69 
infected cells impedance over time with microelectrodes serves as a useful tool to monitor IAV 70 
survival in different environmental conditions, as well as viral inactivation in general. This 71 
method provides objective, real-time data that replaces subjective human observation of 72 
cytopathic effects. It can be used to determine virus titration, thus replacing traditional 73 
measurements with lower confidence intervals and avoiding labor-intensive endpoints assays.  74 
 75 
A linear correlation exists between titration results obtained by measurement of cell impedance 76 
and by classical plaque assay or TCID50 methods. Therefore, data obtained with the impedance-77 
based titration method can be easily transformed in TCID50 or pfu values by creating a standard 78 
curve with serial dilution of the virus13–17. Detection, quantification, and efficacy of neutralizing 79 
antibodies present in serum samples can also be achieved using this experimental approach18,19. 80 
More recently, impedance-based cellular assays have been used to screen and evaluate antiviral 81 
compounds against Equid alphaherpesviruses20. 82 
 83 
This technology has been used to evaluate the persistence of IAVs in saline water at different 84 
temperatures and to identify mutations in the hemagglutinin of IAV that increase or decrease 85 
IAV persistence in the environment21. Such screening would require extensive work if using 86 
traditional titration methods. However, this methodology can be used for any virus that has an 87 
impact on cell morphology, cell number, and cell surface attachment strength. It can also be 88 
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used to monitor persistence in various environmental conditions (i.e., in the air, in water, or on 89 
surfaces).  90 
 91 
The protocol described here applies IAV survival in water as an example. Human influenza 92 
viruses are exposed to different physicochemical parameters during extended periods. Saline 93 
(35 g/L NaCl) water at 35 °C was chosen as the environmental model based on previous results9. 94 
Residual infectivity of exposed viruses is quantified at different timepoints through cell 95 
infection. MDCK cells, the reference cell type for IAV amplification, are seeded on 16 well 96 
microtiter plates coated with microelectrode sensors and infected by exposed viruses 24 h later. 97 
Cell impedance is measured every 15 min and expressed as an arbitrary unit called the cell index 98 
(CI). Cytopathic effects induced by the influenza virus, whose rate of onset directly depends on 99 
the number of infectious viral particles inoculated to the cells culture, leads to CI decrease, 100 
which is subsequently quantified as the CIT50 value. This value corresponds to the time 101 
necessary to measure a 50% reduction from the initial CI (i.e., before virus addition). CIT50 102 
values calculated for several environmental exposure times allow for deduction of the 103 
inactivation slope of a virus after linear regression of CIT50 values.  104 
 105 
PROTOCOL:  106 
 107 
Handle all influenza viruses according to appropriate biosafety level requirements (BSL-2 or 108 
higher depending on the subtype). Use IAV strains with a low passage history (less than 5x on 109 
MDCK cells) to insure low variation between experiments. 110 
 111 
1. Preparation of reagents and starting materials 112 
 113 
1.1. Preparation of MDCK cells and sterile cell culture medium 114 
 115 
1.1.1. Cultivate Madin-Darby Canine Kidney (MDCK) cells in modified Eagle’s medium (MEM) 116 
supplemented with 10% heat inactivated fetal calf serum (FCS) and antibiotics (100 units/mL 117 
penicillin, 100 mg/mL streptomycin).  118 
 119 
1.1.2. After thawing, passage MDCK cells at least 2x before infecting them to ensure complete 120 
recovery (but less than 30 passages to avoid any drift in cell phenotypes).  121 
 122 
1.1.3. Seed 75 cm2 tissue culture flask(s) containing 30 mL of sterile 1x MEM with 7.5 x 106 123 
MDCK cells and incubate at 37 °C in humidified 5% CO2 incubator.  124 
 125 
1.2. Preparation of impedance monitoring equipment 126 
 127 
1.2.1. Place the instrument in the incubator at 35 °C and allow it to warm up for at least 2 h.  128 
 129 
1.2.2. Connect it to the control unit placed outside the incubator.  130 
 131 
1.2.3. Proceed to cleaning procedures as recommended by the manufacturer before starting the 132 
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remainder of the experiment. 133 
 134 
1.3. Production of IAV stocks on MDCK cells 135 
 136 
1.3.1. To propagate and amplify H1N1 viruses, seed 7.5 x 106 MDCK cells on two 75 cm2 tissue 137 
culture flasks and incubate for 24 h at 37 °C to reach 90%–100% confluence.  138 
 139 
1.3.2. Decant the cell culture medium from the cell monolayer in 75 cm2 flasks. Wash the cells 140 
with 5 mL of sterile 1x PBS. 141 
 142 
1.3.3. Remove PBS and add 5 mL of 1x PBS to wash the cells again.  143 
 144 
1.3.4. Label one flask as the control and remove PBS before adding 15 mL of virus propagation 145 
media (1x MEM with 0% FCS) carefully on the monolayer. Incubate this flask in an incubator 146 
maintained at 35 °C with 5% CO2. Use it for comparison after 3 days of propagation. 147 
 148 
1.3.5. Thaw one vial of IAV stock at RT. Dilute the virus to the appropriate concentration in a 1.5 149 
mL tube containing virus propagation media (1x MEM with 0% FCS).  150 
 151 
1.3.6. Remove 1x PBS from the 75 cm2 flask and infect MDCK cells at a multiplicity of infection 152 
(MOI) of 1 x 10-3 or 1 x 10-4 plaque forming units per cell (pfu/cell) by adding 1 mL of the diluted 153 
virus to the cell monolayer.  154 
 155 
1.3.7. Adsorb virus to MDCK cells for 45 min at RT by stirring the flask regularly every 15 min.  156 
 157 
1.3.8. Gently remove the inoculum and add 15 mL of virus propagation media per flask 158 
containing 1 µg/mL TPCK-trypsin (trypsin/L-1-tosylamide-2-phenylethyl chloromethyl ketone), 159 
to cleave the viral hemagglutinin HA0 into HA1 and HA2 subunits (an event that is required for 160 
HA fusion with the endosomal membrane and release of the viral genome)22. 161 
 162 
1.3.9. Incubate the flasks at 35 °C and 5% CO2 for at least 3 days to replicate the virus.  163 
 164 
1.3.10. Observe MDCK cells under a microscope at 40x magnification and look for cytopathic 165 
effects (CPE) on the cells (by comparing to the cell control flask). If CPE is not complete (i.e., 166 
around 80% of the cells are detached from the substrate), put the flasks back in the incubator 167 
for an additional 24 h. 168 
 169 
1.3.11. When CPE is complete, decant the cell culture supernatant and centrifuge at 300 x g for 170 
10 min to pellet the cellular debris.  171 
 172 
1.3.12. Transfer the clarified supernatant to a 15 mL tube and aliquot progeny viruses to single-173 
use sterile cryogenic vials. Immediately place the cryotubes at -80 °C to freeze and stock viruses.  174 
 175 
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2. Determination of appropriate cell quantity for infecting cells 176 
 177 
NOTE: During all experiments, keep the plates on non-electrostatic surfaces at all times, such as 178 
the paper wraps from the packaging. Follow section 2 below to determine the most appropriate 179 
concentration of cells to be seeded in the electronic microtiter plate (designed as E-Plate). 180 
 181 
2.1. Prepare MDCK cells in 75 cm2 flasks to obtain freshly split cells (approximately 80% 182 
confluence) 24 h before the experiment. 183 
 184 
2.2. Wash cells with 5 mL of 1x PBS and detach them by adding 3 mL of 0.25% Trypsin-EDTA 185 
solution. 186 
 187 
2.3. Add 7 mL of fresh cell culture medium and count cells using an automated cell counter with 188 
trypan blue staining.  189 
 190 
2.4. Adjust the cell concentration to 400,000 cells/mL with cell culture media. Perform two-fold 191 
serial dilutions in additional tubes to obtain cell densities of 200,000; 100,000; 50,000; 25,000; 192 
12,500; and 6,250 cells/mL. Adjust the dilution range of the cells according to the cell type and 193 
their growth behavior. 194 
 195 
2.5. Leave the E-plate (Table of Materials) at RT for several minutes and add 100 µL of cell 196 
culture media to each well using a multi-channel pipette. Do not touch the electrodes of the E-197 
Plate. 198 
 199 
2.6. Unlock the cradles and insert the plate front end into the cradle pocket of the impedance 200 
measuring instrument (Table of Materials). Close the door of the incubator. 201 
 202 
2.7. Open the software.  203 
 204 
2.7.1. In “Default experiment pattern setup”, choose the selected cradle(s) and double-click 205 
on the top page, then enter the name of the experiment. Click “Layout” and enter the necessary 206 
sample information for each selected well of the plate; then, click “Apply” when finished. Click 207 
“Schedule” | “Steps” | “Add a step”.  The software automatically adds a step of 1 s to measure 208 
the background impedance (CI).  209 
 210 
2.7.2. Click on “Start/Continue” in the “Execute” tab. Click on “Plot”, add all samples by 211 
selecting the appropriated wells, and ensure CI is between -0.1 and 0.1 before proceeding to the 212 
next step. 213 
 214 
2.8. Remove the plate from the cradle. 215 
 216 
2.9. Add 100 µL of each cell suspension from step 2.4 in duplicate to the appropriate wells and 217 
100 µL of cell media in wells used as controls. Leave the E-plate in the laminar flow hood for 30 218 
min at RT to allow for uniform distribution of the cells at the bottoms of the wells. 219 
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 220 
2.10. Insert the E-plate into the cradle pocket. Click “Schedule” | “Add step” in the software 221 
and enter values to monitor cells every 30 min for 200 repetitions. Then, select 222 
“Start/Continue”. 223 
 224 
2.11. Check and plot the CI data by clicking on the “Plot” button in the software. Select the 225 
concentration of cells that are just before the stationary phase 24 h after seeding on the plate, 226 
in order to obtain cells that are still in a growing phase during viral infection. Stationary phase is 227 
reached when CI is at its maximum.  228 
 229 
3. Correlation between CIT50 values and multiplicity of infection 230 
 231 
3.1. Add 100 µL of sterile 1x MEM culture medium in each well of the E-plate. Insert E-plate into 232 
the cradle pocket of the instrument at 35 °C. Measure the background as described in step 2.7.  233 
 234 
3.2. Remove the E-plate from the cradle. 235 
 236 
3.3. Seed 3 x 104 of freshly split MDCK cells on each well of the electronic microtiter plate and 237 
grow them for 24 h at 35 °C with 5% CO2 so that they are in a replicative phase during IAV 238 
infection. 239 
 240 
3.4. Infect MDCK cells with different 10-fold dilutions of a known 6 log10 TCID50/mL titer of H1N1 241 
virus, using reverse pipetting for reproducibility by following the steps below: 242 
 243 
3.4.1 Rinse MDCK cells 2x with 100 µL of MEM with no FCS (virus propagation media). Be aware 244 
of removing all media after the second wash to avoid further dilution of the inoculum. 245 
 246 
3.4.2. Add 100 µL of viral suspension in each well using single channel pipette. To avoid 247 
contamination, proceed by starting from left-to-right then top-to-bottom in the plate, while 248 
covering the remaining wells with the lid.  249 
 250 
3.4.3. Insert the plate into the cradle pocket of the instrument at 35 °C. Be gentle to avoid 251 
sudden movements potentially leading to contaminations.  252 
 253 
3.4.4. Start to monitor cell impedance every 15 min during at least 100 h as described in step 254 
2.10. 255 
 256 
3.4.5. After the two cycles of measurements (i.e., 30 min), pause the apparatus by clicking on 257 
“Pause” in the “Execute” tab and remove the E-plate from the cradle. 258 
 259 
3.4.6. Add 1 µg/mL TPCK-trypsin to the virus propagation media to cleave the viral 260 
hemagglutinin. 261 
 262 
3.4.7.  Add 100 µL of virus propagation media containing TPCK-trypsin into each well and insert 263 
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the E-plate into the cradle pocket. 264 
 265 
3.4.8. Click “Start/Continue” in the “Execute” tab. 266 
 267 
NOTE: Do not forget to create a negative control corresponding to mock-infected cells by 268 
replacing viral suspension with virus propagation media.  269 
 270 
4. IAV survival kinetics  271 
 272 
4.1. Expose IAV to saline distilled water at 35 °C and test for their infectivity over time by 273 
measuring cell impedance decrease.  274 
 275 
4.1.1. Prepare saline distilled water by adding NaCl to a final concentration of 35 g/L in distilled 276 
water. Add 900 µL of saline water into 2 mL cryotubes.  277 
 278 
4.1.2. Add 100 µL of viral stock in saline water and place the cryotubes in an incubator (35 °C, 279 
5% CO2) for 1 h, 24 h, or 48 h. 280 
 281 
4.1.3. Seed 100 µL (containing 3 x 104) of freshly split MDCK cells on a 16 well microtiter plate 282 
and grow for 24 h at 37 °C and 5% CO2. 283 
 284 
4.1.4. Infect cells with 100 µL of exposed viruses (previously diluted 10x in culture media) using 285 
reverse pipetting method for reproducibility by repeating section 3.4. 286 
 287 
4.2. Monitor cell impedance every 15 min for at least 100 h. 288 
 289 
5. Evaluation of loss of infectivity  290 
 291 
5.1. Determination of CIT50 values to quantify CI decrease due to virus-induced cytopathic 292 
effects with the CIT50 value.  293 
 294 
5.1.1. Click “Plot” and add all the samples by clicking “Add all”. Export the results to a 295 
spreadsheet by clicking on “Export Experiment Info”. Consider initial CI as cellular impedance 296 
value measured 5 h after cell infection by exposed viruses (i.e., 24 h after seeding of MDCK cells 297 
on the microtiter E-plate).  298 
 299 
5.1.2. Calculate CIT50 value corresponding to the necessary time to measure a 50% decrease 300 
from the initial CI. To calculate the CIT50 value, note the CI value at 5 hpi for each sample. Then, 301 
find the timepoint at which the CI value is equal to one-half the CI value at 5 hpi by using the 302 
index and match functions in the spreadsheet. 303 
 304 
5.2. Calculation of the mean inactivation slope 305 
 306 
5.2.1. Determine CIT50 values for each exposed viral suspension, at different exposure times (in 307 
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days).  308 
 309 
5.2.2. Calculate a linear regression slope from CIT50 plotted values, referred to as the 310 
inactivation slope and expressed in CIT50.day-1.  311 
 312 
REPRESENTATIVE RESULTS: 313 
 314 
Raw data obtained after 120 h with different concentrations of MDCK cells, from 15,000 to 315 
120,000 cells per well, is shown in Figure 1. After 24 h, CI measures show that cells in wells 316 
seeded with 30,000 cells were still in the exponential phase of growth, and this cell 317 
concentration was used for further experiments. Figure 2 illustrates the linear correlation 318 
between CIT50 values and the initial multiplicity of infection. MDCK cells are cultured for 24 h, 319 
then infected with A/Paris/2590/2009 H1N1 viral strain at a different multiplicity of infection. 320 
Initial CI is measured 5 h after infection.  321 
 322 
Figure 3 illustrates the experimental procedure used in our experiments (panel A). Typical 323 
results showing CI decrease due to virus-induced cytopathic effect are shown on panel B. These 324 
are raw data obtained after being processed by the software. CIT50 values were calculated using 325 
the spreadsheet after exporting of the data. After calculation of CIT50 values at different 326 
timepoints, a linear regression analysis allowed determination of the slope (Panel C). Viral 327 
inactivation slopes were thus obtained for each virus in each condition, then were compared to 328 
identify viruses that had the greatest stability in the studied environment. 329 
 330 
Figure 4 shows inactivation slopes of IAV recombinant viruses bearing a genetic backbone 331 
belonging to the A/WSN/1933 H1N1 virus strain and a HA and NA from A/New 332 
Caledonia/20/1999 H1N1 virus (HA-NA/NC99). Non-synonymous mutations in the HA were 333 
introduced to study the impact on virus particle persistence outside the host in saline water.  334 
 335 
By comparing mean inactivation slopes from different experiments performed in triplicate, we 336 
were able to identify amino acids in the HA that were sufficient to affect viral persistence 337 
outside the host. The lower the inactivation slope, the more stable the virus. As an example, the 338 
HA/F453Y substitution or HA::K147 insertion in the HA of HA-NA/NC99 virus induced a 339 
significant increase in the mean inactivation slope to 9.8 CIT50/day and 9.9 CIT50/day, 340 
respectively, compared to wild-type HA (with a mean inactivation slope of 4.85 CIT50/day), thus 341 
generating very unstable mutants. In contrast, the HA/T327A substitution did not affect viral 342 
stability at 35 °C in saline water (mean inactivation slope of 6.6 CIT50/day). The methodology 343 
was thus powerful enough to identify amino-acid residues in the HA glycoprotein that were 344 
involved in IAV survival outside the host. 345 
 346 
FIGURE AND TABLE LEGENDS: 347 
 348 
Figure 1: Cell titration in microtiter E-plate. Serial dilutions of MDCK cells were seeded on 349 
microtiter E-plates, and cell growth was monitored for up to 100 h (200 sweeps every 30 min). 350 
Gray dots represent the standard deviations of CI measured in duplicate. The vertical line at 24 351 
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h highlights that in the described conditions, initial seeding of 3 x 104 cells/well allowed a 352 
culture of around 70% confluency at the time of the infection. 353 
 354 
Figure 2: Linear regression between CIT50 values and initial multiplicity of infection. Each 355 
point indicates the CIT50 value calculated for infection of cells with different multiplicities of 356 
infection. The solid line represents the linear regression slope (R2 = 0.99), and dashed lines 357 
represent the 95% confidence intervals. This figure has been modified from a previous 358 
publication21. 359 
 360 
Figure 3: Determination of inactivation slope. (A) Viral particles were diluted in saline water at 361 
35 °C for 0, 1, or 2 days, and CI was monitored continuously and plotted as cell index. (B) CI 362 
decrease quantified with the CIT50 values, which are represented manually on the raw data by 363 
vertical dashed lines. Each curve represents the evolution of cell impedance after infection with 364 
viruses that were exposed to saline water for increasing times (red: non-exposed virus, yellow: 365 
24 h exposure, green: 48 h exposure, dark: mock-infected cells). Initial CI was measured 5 h 366 
after infection (C) Linear regression of CIT50 values used to calculate the inactivation slope.  367 
 368 
Figure 4: Impact of non-synonymous mutations in the HA on IAV persistence in saline water. 369 
Inactivation slopes of reassortant viruses bearing a HA from A/New Caledonia/20/1999 H1N1 370 
virus with (substitution or insertion) or without mutation (HAWT). Boxplots displayed the 371 
distribution of single inactivation slopes (six or eight depending on the virus, calculated from 372 
different independent experiments) obtained for each exposed virus around the mean 373 
(horizontal lines). Mean inactivation slopes were compared using an ANOVA test (ns, p > 0.05, 374 
****p < 0.0001). Ref corresponds to the reassortant virus bearing wildtype HA, against which 375 
other viruses are compared. This figure has been modified from a previous publication21. 376 
 377 
DISCUSSION: 378 
 379 
RTCA is an impedance-based technology that is increasingly used for real-time monitoring of cell 380 
properties, such as cell adherence, proliferation, migration and cytotoxicity. In this study, the 381 
capacity of this technology to assess IAV survival outside the host is demonstrated by measuring 382 
virus inactivation slope. Fastidious techniques such as TCID50 and plaque assays are replaced by 383 
objective real-time assessment of cell viability, thus reflecting cytopathic effects induced by the 384 
virus. Similar to the TCID50 or plaque forming unit (pfu), the CIT50 is also linearly correlated with 385 
the multiplicity of infection (Figure 2). Among the limitations of this approach, this method fails 386 
to precisely monitor cells infected with non-cytopathogenic virus.  387 
 388 
As an example, introduction of new mutation into the viral genome can strongly attenuate a 389 
virus and decrease its cytopathogenicity. In contrast, the inactivation slope calculated here is 390 
independent of virus replication and a potential virus attenuation, as this slope is derived from 391 
CIT50 values measured after different timepoints of inactivation of the same virus. Here, it is 392 
thus assumed that viral particles that are still able to infect a cell after this inactivation protocol 393 
share the same replication phenotype as viruses before the inactivation.     394 
 395 
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Despite higher costs, the workload using this approach is considerably reduced, which is 396 
advantageous when a project requires performance of kinetics, with measure frequent 397 
timepoints and over a long period of time. As in every protocol, some steps are critical, and 398 
manipulations must be carried out with care and precision. Reverse pipetting is a crucial step to 399 
ensure precise dispensing of the media, and special attention must be paid to avoid any 400 
contamination. Likewise, the initial cell quantity must be the same between each experiment 401 
and must be assessed using an automated cell counter with trypan blue staining. During 402 
monitoring of the CI by the apparatus, the opening of the incubator should be limited as much 403 
as possible.  404 
 405 
If care and attention are provided during the experiment with limited movement, then the 406 
contamination risk becomes low, and the results are highly reproducible. The distribution of 407 
inactivation slopes among different viruses are significantly different, so a non-parametric 408 
statistical test is used to compare virus persistence. Mean inactivation slopes can be calculated 409 
for any viruses producing cytopathic effects in cell culture, such as enteric viruses, ebolavirus, or 410 
coronaviruses, whose persistence in environmental conditions is currently being studied (and 411 
likely using traditional virology methods). In the future, this method can be also be used to 412 
compare the replication of different viruses, investigate virus tropism for several cell lines at the 413 
same time, and study specific steps of the virus cycle. 414 
 415 
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Name of Material/Equipment Company Catalog Number
0.25%Trypsin ThermoFisher 25200056

75 cm
2 tissue culture flask Falcon 430641U

E-Plate 16 (6 plates) ACEA Biosciences, Inc 5469830001

FCS Life technologies (gibco) 10270-106

MEM 1X Life technologies (gibco) 31095029

PBS 1X Life technologies (gibco) 14040091

Penicillin-Streptomycin  Life technologies (gibco) 11548876

TPCK-Trypsin Worthington LS003740

xCELLigence Real-Time Cell Analysis Instrument S16ACEA Biosciences, Inc 380601310
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Comments/Description

E-plates are avalible in different packaging

The xCELLigence RTCA S16 instruments are available in different formats (16-well, 96-well, single or multi-plate)



Responses to Editor: 
 

Comments 3 and 4: 

 The Short Abstract/Summary was rephrased to clearly describe the protocol and its applications in 

complete sentences. The long Abstract was also rephrased to clearly state the goal of the protocol. See 

lines 35 to 54. 

 

Comment 5: 

Few citations were added in the manuscript, especially in the introduction section. See lines 72 and 82 

in particular.  

 

Comments 6 and 27: 

Commercial language was removed and replaced by generic terms. In particular, the number of 

instances of RTCA was considerably reduced throughout the manuscript. Moreover, the Table of 

Materials and Reagents was completed to refer all the products used in the protocol. 

 

Comment 8: 

Thomas Labadie agreed to the UK ALA terms and condition. 

 

Comment 9: 

The few sections of the manuscript that showed significant overlap with previously published work 

were rephrased in order to use original language.  

Instead of: “In order to quantify residual infectivity of exposed viruses at different time points, cells 

were seeded on 16-well microtiter plate coated with microelectrode sensors in the xCELLigence RTCA 

DP instrument (ACEA Bioscience, Inc.) and grown for 24 h”, lines 88-92 (in the old version of the 

manuscript) were replaced by: “Residual infectivity of exposed viruses was quantified at different time 

points through cell infection. Cells were seeded on 16-well microtiter plate coated with microelectrode 

sensors in the instrument and infected by exposed viruses 24 h later”. 

Instead of: “For each exposed viral suspension, CIT50 values were measured at different exposure times 

(in days) and plotted to calculate a linear regression slope, referred to as the inactivation slope, 

expressed in CIT50.day-1”, lines 219-220 (in the old version of the manuscript) were replaced by: 

“Measure CIT50 values for each exposed viral suspension, at different exposure times (in days). 

Calculate a linear regression slope from CIT50 plotted values, referred to as the inactivation slope and 

expressed in CIT50.day-1.   

 

Comments 10 to 14: 

The entire protocol was rewritten in the imperative tense, with only action items, and the numbering 

of the protocol was changed to follow the JoVE Instructions for Authors. Any personal pronouns and 

phrases such as “could be” or “should be” were removed. 

 

Comment 15: 

As requested, more details to the protocol steps were added in the manuscript when needed. 

 

Comment 16: 

Paragraph 1.1 (1.1 in the older version): The number of MDCK cells seeded in 75 cm flask and their 

significance was added. See lines 119 and 133. 
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Comment 17: 

Paragraph 1.3.8 (1.3 in the older version): the criteria used to ensure completeness of CPE were added 

in the protocol.  

 

Comment 18: 

When missing, the cell type used in the experiment was specified (paragraphs 2.1 and 3.4 in the revised 

version).  

 

Comment 19: 

As mentioned in your comment 7, the video narrative must be objective and not biased towards a 

particular product. As the software is provide with the xCELLigence apparatus, we tried to be as 

objective as possible to describe the different steps leading to cell index measures. Therefore, we 

couldn’t add all the button clicks that are very specific to the xCELLigence instrument. 

 

Comment 20: 

Paragraph 2.11 in the revised version: Few explanations were added in the manuscript to clarify the 

step. 

  

Comment 21: 

The significance of adding TPCK trypsin in this case was added in the manuscript. See lines 154-155 

and 247. 

 

Comment 22: 

Clarification was added to the revised manuscript. See lines 283-296. 

 

Comment 23: 

Pages that identifies the essential steps of the protocol for the video were highlighted in the protocol.  

 

Comment 24: 

Figures were adapted from our previous article published in Frontiers in Microbiology journal. As 

specified in their copyright statement, “the copyright in the text of individual articles (including 

research articles, opinion articles, book reviews, conference proceedings and abstracts) is not the 

property of Frontiers, and its ownership is not affected by its submission to or publication by Frontiers. 

Frontiers benefits from a general licence over all content submitted to it, and both Frontiers and its 

users benefit from a Creative Commons CC-BY licence over all content”. 

The Figures were cited appropriately in the Figure Legends. See lines 339 and 356. 

 

Comment 25: 

The Discussion was rewritten to be more explicit. See lines 365-373 in particular. 

 

Comment 26: 

Bibliography was reformatted with Journal of Visualized Experiments style. 

 

Comment 27: 

The table of the essential supplies, reagents, and equipment was completed as requested. 

 

 



Responses to Reviewers : 
 

Reviewer#2: 

 

Line 94 (line 89 in the older version): cell type and its significance was specified. 

 

Lines 116-117 (line 105 in the older version): Recommendation for MDCK propagation was added to 

the protocol. 

 

L114 in the older version: H1N1 subtype is one of the circulating subtypes of IAV that causes outbreaks 

every year all around the world. 

 

L122: The propagation media MEM1X is one of the most commonly used of all cell culture media and 

is well adapted to MDCK cells and IAV amplification. It contains no proteins, lipids, or growth factors. 

 

The reference mentioned by the reviewer was added in the revised manuscript. See line 83. 

 

Minor modifications suggested by the reviewer were added in the revised manuscript. 

 

Reviewer#4: 

 

Comment 2: 

We used human influenza A viruses as virus models based on our published previous results, which 

showed that 2 human viral strains of H1N1 subtype harbored different persistence behaviors in water. 

The data presented in this manuscript were collected during the study aiming at determining the 

molecular determinants associated with those variations of persistence and are used to illustrate a 

new methodology, which can be indeed further used to study avian IAV persistence in water for 

example.  

 

Comment 3: 

Passage history of IAV was added in the manuscript. See lines 106-107. 

 

Comments 4 and 5: 

According to the reviewer comment, we changed figure 2 to be more rigorous by showing the 

correlation between CIT50 values and MOI (multiplicity of infection). The text was rewritten to take into 

account this modification. 

 

Comment 6: 

Indeed, CPE does not always equate to replication or infectivity; this is one of the limits of the 

technique, which is discussed at the end of the manuscript. The criteria used to ensure completeness 

of CPE were also added in the protocol. See line 161. 

 

Comment 7: 

As this publication is a methodological article, we didn’t insist too much on biological results.  Data are 

already discussed in a previous publication cited in the article. We added a sentence to the manuscript 

to highlight the results on amino acid changes in HA and association with differences in inactivation. 

See lines 326-327.  

 



Comment 8: 

The figure 4 indicates the variations of inactivation slopes calculated for all tested viruses. These 

inactivation slopes are derived from the CIT50 determined for these viruses after increasing inactivation 

times. The CIT50 value, which reflects the decrease of cell impedance in infected cells (due to cell 

death), cannot be measured for non-infected cells, as these cells do not die during the experiment.  
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