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Microtiter plate methods are commonly used for biofilm assessment. However, results obtained

with these methods have often been difficult to reproduce. Hence, it is important to obtain a better
understanding of the repeatability and reproducibility of these methods. An interlaboratory study
was performed in five different laboratories to evaluate the reproducibility and responsiveness of
three methods to quantify Staphylococcus aureus biofilm formation in 96-well microtiter plates:
crystal violet, resazurin, and plate counts. An inter-lab protocol was developed for the study. The
protocol was separated into three steps: biofilm growth, biofilm challenge, biofilm assessment. For
control experiments participants performed the growth and assessment steps only. For treatment
experiments, all three steps were performed and the efficacy of sodium hypochlorite (NaOCI) in killing
S. aureus biofilms was evaluated. In control experiments, on the log,,-scale, the reproducibility SD
(Sg) was 0.44 for crystal violet, 0.53 for resazurin, and 0.92 for the plate counts. In the treatment
experiments, plate counts had the best responsiveness to different levels of efficacy and also the best
reproducibility with respect to responsiveness (Slope/Sg =1.02), making it the more reliable method
to use in an antimicrobial efficacy test. This study showed that the microtiter plate is a versatile and
easy-to-use biofilm reactor, which exhibits good repeatability and reproducibility for different types of
assessment methods, as long as a suitable experimental design and statistical analysis is applied.

Abbreviations
Mixed effects ANOVA  Statistical process for separating the variability of a group of observations into
assignable sources and performing significance tests.

Error Represents variability attributable to well-to-well differences.

Day Represents variability attributable to day-to-day differences e.g., different inoculum,
temperature, humidity, etc.

Lab Represents variability attributable to lab-to-lab differences e.g., different technicians,
equipment, climate, etc.

Repeatability Represents the variability within each lab (error + day).
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Reproducibility Represents the variability among labs (total = error + day +lab).
Responsiveness Sensitivity of a method; ability of a method to detect important changes in an anti-
microbial’s efficacy (e.g., due to changes in concentration or contact time)

The lack of reproducibility among published studies has become one of the bigger concerns across different
scientific research areas and biofilm research is certainly no exception’2 This is due to many different factors,
including selective or incomplete reporting of the experiments performed and lack of robust methods®*.

Microtiter plate-based methods are some of the more widely used methods in biofilm research. They are
inexpensive, easy to use, versatile and adaptable for high-throughput screening>°. However, little is known about
their repeatability (within lab variation) and there are currently no reports on their reproducibility (among lab
variation)”®. The microtiter plate is a batch system in which the biofilm is grown in a small volume and then
assessed using a variety of methods. Most assessment methods rely on the use of dyes (e.g. crystal violet and
resazurin) to stain the biofilm or some of its components; colony forming unit (CFU) counts are also used’. The
variety of assessment methods available has led to many possible applications for microtiter plate-based methods
such as antimicrobial compound screening, assessing the biofilm forming ability of different microorganisms,
and evaluating the effect of various factors on biofilm formation!'*-*>.

Considering the widespread use of microtiter plate methods in the field, the evaluation of their reproducibil-
ity is of a clear interest to the biofilm community as it would provide an insight into the potential of microtiter
plates for standardisation, which could be useful for antimicrobial screening tests'%. Additionally, it could serve
as a starting point for making microtiter plate data comparable across research groups and also help us better
understand what factors might affect the performance of microtiter plate experiments.

Efforts have started to improve the reporting of microtiter plate experiments, through the implementation
of minimum information guidelines on reporting biofilm experiments (www.miabie.org)'>!®. Moreover, the
repeatability and reproducibility of methods using other biofilm reactors have been evaluated, which can serve
as a reference for evaluating microtiter plate methods. Devices such as the MBEC, the CDC Biofilm Reactor
and Drip Flow Biofilm Reactor were assessed through interlaboratory studies, where 6-8 different laboratories
perform the same protocol’™°. As a result of these tests, several standard methods for the use of these devices
in antimicrobial testing have been approved® 2. In order for a protocol to be accepted as a standard method,
the standard deviation (SD) of the reproducibility needs to be “small”, often determined by standard methods
societies, e.g., American Society for Testing and Materials (ASTM).

In the present study, we aim to evaluate the reproducibility and responsiveness of three different biofilm
assessment methods (crystal violet, resazurin and plate counts) applied to microtiter plates through a ring trial,
performed across five different laboratories located in the US and Europe. This paper reports on the repeatability
in each lab and the reproducibility across different labs of each of these three assessment methods. Additionally,
it evaluates the responsiveness of these methods in assessing an antimicrobial efficacy test.

Materials and methods
The description provided in this “Materials and methods” section complies with the recently-published guideline
on reporting spectrophotometric and fluorometric methods to assess biofilms in microplates®.

Study design. The ring trial investigated three different biofilm assessment methods in flat bottom,
untreated, polystyrene, 96-well microtiter plates: plate counts, resazurin and crystal violet. Six laboratories ini-
tially took part and are identified by numerical Lab IDs between 1 and 6. One participant from each laboratory
performed the experiments. The participants were provided with a detailed inter-lab protocol (ILP) and a list
of supplies (S1 supplementary information file). The protocol was tested and optimized prior to the start of
the interlaboratory study. ILP was divided into three distinct steps: biofilm growth, biofilm challenge and bio-
film assessment. For the latter, separate protocols for each assessment method were provided. Participants were
instructed to find closest substitute/match for materials in the supply list (S1 Supplementary Information File)
when possible, hence there is a difference in supplier between labs.

The data collected from Lab 5 have been removed from all data analysis. An initial analysis identified their
control data as severe outliers. Subsequent inquiries revealed that their treatment experiments data were also
unusable due to deviations from performing the protocols and a lack of documentation. Results of control data
analysis with Lab 5 data included can be found in S2 supplementary information file.

Biofilm growth.  Staphylococcus aureus subsp. aureus (ATCC 25923) was used for the ring trial. Briefly, stocks
were streak plated on Tryptic Soy Agar (TSA) at 37+2 °C for 24 h. One or two colonies were transferred into
15 mL Tryptic Soy Broth (TSB) and incubated at 37 +2 °C, 125 rpm, overnight. An aliquot was sub-inoculated
in fresh TSB at 37 +2 °C, 125 rpm until exponential growth phase [OD =0.300 (595 nm) or 7.5+ 0.5 Log,, CFU/
mL] was achieved. This inoculum was diluted to a concentration of 5.5+0.5 Log,, CFU/mL. 200 uL/well was
transferred to a 96-well plate for biofilm formation at 37 +2 °C, no shaking for 24 h in a humidified incubator.
Wells containing only TSB were used as negative controls to check for contamination. The full biofilm growth
protocol can be found in S1 supplementary information file.

Plate reader tests. Crystal violet and resazurin require the use of plate readers and output values can vary
greatly across different models and manufacturers. Hence, calibration curves were necessary to compare the
outputs from different labs. For crystal violet different concentrations of the dye were added to the wells of a
microtiter plate (starting from 0.01 g/L) and their absorbance at A =595 nm was measured. For resazurin, the
participants chemically reduced resazurin into resorufin and added different concentrations to a microtiter plate
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(starting from 5 pug/mL) and measured fluorescence at Ay jaion = 560 NM; A pigsion = 590 nm. The detailed protocol
can be found in S1 supplementary information file.

Control experiments. For the control experiments, only the biofilm growth and biofilm assessment parts of
the protocol were performed. One 96-well plate was used per assessment method, per experimental day, two
experimental days in total. Due to the nature of the methods for plate counts only 15 wells/plate were quantified,
whereas for crystal violet and resazurin the entire plate (minus control wells) was assessed. Laboratories with
their own in-house protocols (IHP) for the assessment methods prepared an extra plate and performed their
own assessment protocol in parallel with the ILP used for the ring trial. For both plates the biofilm was prepared
using the ILP biofilm growth protocol. The detailed protocols are found in the S1 Supplementary Information
File.

Treatment experiments. ~ For the treatment experiment, all three steps of the ILP were performed. For the bio-
film challenge step, sodium hypochlorite (NaOCl), i.e., bleach, was used to challenge the biofilm. Half of one
96-well plate was used per method, per experimental day, with three experimental days in total. Titration tests
were used to measure the total concentration of chlorine (Cl). The antimicrobial was then diluted to four dif-
ferent concentrations of Cl in NaOCI reported as NaOCI concentrations (1000 mg/L, 500 mg/L, 100 mg/L and
10 mg/L) which, were added to the biofilm (200 pl/well) for 10 min and neutralised by washing twice with PBS.
Ultra-pure water was added to the controls to account for the effect of the fluid exchange on biofilm removal. All
concentrations were tested on the same day, 8 wells per treatment. For plate counts only 3 wells per concentra-
tion per plate were quantified, for crystal violet and resazurin 8 wells per concentration per plate were assessed.
No IHP treatment data were generated; IHP data were generated only for control experiments. Detailed proto-
cols are found in the S1 supplementary information file.

Statistical analysis. Plate count data treatment. The colonies formed were counted on each plate, aver-
aged across plates, multiplied by the dilution factor 104, divided by the drop volume (10 pL), multiplied by the
total well volume (200 pL) and then converted to a log density (LD) per well using the following equation:

LD = log;o(CFU / well) = log;,[(10 x (average CFU) / 10uL) x 2004L]

For the treatment experiments when no colonies were present on agar plates, a value of 0.5 CFU/well was
assigned to a single plate at the lowest dilution counted. The antimicrobial’s effect was quantified as a log reduc-
tion (LR). A single LR value was calculated for each chlorine concentration used, for each experimental day.
The LR is equal to the mean of the treated log density (LD) for each treatment concentration subtracted from
the mean of the control LD.

Crystal violet and resazurin data transformation. “Raw” data collected from the plate reader tests were used to
generate calibration curves for each method and each lab. Equations were generated for these curves by linear
regression analysis and they were used to transform the data. Based on the regression analysis, log,, fluorescence
vs log), resorufin was chosen as the calibration curve for the resazurin data as it better fit the initial calibration
data and allowed for better prediction for resazurin/resorufin concentrations from the later part of the study that
fell outside the range of the calibration curve. This extrapolation occurred because the resazurin was chemically
reduced for the calibration phase of the study making it difficult to ensure that the fluorescence values used to
generate the calibration curve contained the values measured during the later biofilm experimentation phase.
This extrapolation is a potential weakness of our results. In summary, “raw” fluorescence data were transformed
to log,, fluorescence and further transformed to log,, resorufin concentration (pg/mL) based on the calibration
curve equation for each lab.

For crystal violet, absorbance vs crystal violet concentration was chosen as the calibration curve. Hence,
“raw” optical density data were transformed to crystal violet concentrations (ug/mL) based on the calibration
curve equation for each lab. Although initial experiments were performed at a single lab to estimate the CFUs
corresponding to crystal violet concentrations at that lab, each lab did not generate such a calibration curve, so
it is not possible to transform the ODs or crystal violet concentrations to CFU densities.

For both methods, negative control values (wells containing TSB only, no bacteria) were not taken into con-
sideration as there were no negative controls in the plate reader test, so the calibration curves do not account
for negative controls. Calibration curve plots and equations can be found in supplementary information file S3.

Repeatability and reproducibility assessment. To investigate the repeatability (day-to-day variability) and
reproducibility (lab-to-lab variability) for the control data generated by the methods, the data were first
log,,-transformed: LD for plate counts, log,, resorufin or log,, crystal violet concentration. A mixed effects
ANOVA model was then fit to the log-transformed responses for each of the 3 methods separately. ‘Lab ID’ and
‘day’” were assigned as random factors, with ‘day’ nested within ‘Lab ID) meaning the levels of the factor ‘day’
are different for each lab. The model estimates the variability in the response for three different sources: error
(well-to-well), day (day-to-day) and lab (lab-to-lab). The repeatability variance of the method is represented by
the error + day variance. The repeatability standard deviation (S,) is the square root of this variance. The repro-
ducibility variance of the method is represented by the sum of all variance components and the reproducibility
SD (Sp) is the square root of this variance®. It is common to report the variance components as percentages of
the “total” reproducibility variance (see e.g. ASTM E691) calculated by dividing each variance component by the
reproducibility variance.
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For the treatment experiments, the reproducibility SD of LRs was estimated for each NaOCI concentration
separately by fitting a mixed effects ANOVA to the LRs for each method separately with a random factor for
Lab ID.

ILP versus IHP comparison. To evaluate the effect that the change of protocol (ILP vs IHP) had on the control
data we fit a mixed effects ANOVA to the log responses for all 3 methods where Day and Lab ID were assigned
as random factors and protocol was assigned as a fixed factor. The ANOVA was followed by Tukeys 95% Cls to
determine statistical equivalence at 97.5% confidence for the median responses for ILP and IHP (CFU density
for plate counts, resoforin concentration, and crystal violet). For the plate count method the equivalency margin
of 0.5 logs was chosen based on previous examples in the literature?*?*. On the other hand, no previous reference
was found for establishing an equivalency margin for resazurin and crystal violet method, so the equivalency
margin of 0.5 log was used for these methods as well. When comparing IHP vs ILP for each of the 3 methods,
the equivalency margin of 0.5 applied on the log scale means that differences in means of the log-transformed
responses up to 0.5 log are negligible and not of practical importance. When antilogging, the conclusion is that
differences up to a 70% decrease (1 — 10=25) or a threefold increase (10%%) in the median response for the [HP
compared to median response for the ILP are negligible and not of practical importance.

Responsiveness assessment. To assess the responsiveness of the methods to the NaOCI treatment we con-
structed dose-response curves using the mean LR concentrations per NaOCI concentration, per day, per lab. A
mixed effects ANOVA with a random factor for Lab ID and Log,, NaOCl as a covariate was fit to the LRs for all
concentrations to assess the responsiveness of the method and also to assess the reproducibility pooled across
all concentrations.

Furthermore, a mixed effects ANOVA was performed for each NaOCI concentration separately and the
resulting Sy values were fit by a parabola as a function of LR. To enforce our prior belief that the parabola should
be concave, the leading term was constrained to be non-positive*. This constraint only had to be enforced for
crystal violet data, where the leading term was set to zero.

Model assessment and software. The choice to log-transform the responses (CFU density for the plate count
data, resorufin concentration for the resazurin data, crystal violet concentration) is crucial. Initially, for control
and efficacy responses each of the 3 methods, the log-transform was required to satisfy the ANOVA assumptions
of normality and constant variance. These assumptions were checked using “normal probability” and “residual
vs fits” plots of the residuals. Just as importantly, having all responses on the log-scale made method comparisons
straightforward. Because SDs of log responses are invariant to a change in units, here we directly compare the
SDs from the different methods. Furthermore, because a difference in log responses such as a LR is unitless, we
directly compare slopes and the mean LR values when assessing the responsiveness of the methods.

All statistical assessments were performed using Minitab v.18° [Minitab 18 Statistical Software (2019). State
College, PA: Minitab, Inc. (www.minitab.com)] Mixed Effects Models Functionality that allows the user to
specify (as described above): the response (control or LR), fixed effects (e.g., ILP vs IHP), random effects (lab
and day nested in lab) and covariate (e.g., time). From the full data set supplied via the link in the Supplementary
Materials, Minitabs Mixed Effects Model function, with the inputs just described, could be used to reproduce
the results that we present here. Minitab was also used to generate all the figures. Horizontal jitter was applied
to the points in the graphs to better visualise the data.

Results
Control. Interlaboratory protocol analysis. To investigate the repeatability and reproducibility of the control
experiments for the ILP protocols, the data collected for each lab, across two experimental days, have been in-
cluded in Fig. 1. A summary of the results can be found in Table 1. From Fig. 1A and Table 1 we can see that most
of the variability is due to lab-to-lab differences. Similar to the plate count method, the variability of resazurin
method (Fig. 1B) and crystal violet method (Fig. 1C) is mostly due to lab-to-lab differences. The trend of the data
is similar across all three methods (Fig. 1), meaning labs that respond lower for one method do so for the other
two as well e.g., lab 3 has the lower values on average for all 3 methods compared to the rest of the labs. Likewise,
the labs with higher responses for one method, have higher responses for the other methods as well e.g., lab 6.
When comparing the repeatability and reproducibility across all three methods based on the SD values in
Table 1, the crystal violet method is most repeatable and the most reproducible of the three, followed by resazurin
and finally the plate count method. As discussed in the Methods, it is possible to directly compare the SDs for
the different methods in Table 1 because SDs of log responses are invariant to a change in units.

Interlaboratory protocol vs in-house protocol. One of the questions we wanted to answer in the present study
was whether the protocol used for the assessment method made a difference in method outcomes. For this
purpose, some of the labs, with established in-house protocols (IHP), performed them in parallel to the ILP pro-
tocol. For the plate count method only labs 2 and 6 performed IHPs (Fig. S4.1). For the resazurin method, labs
4 and 6 performed IHPs (Fig. S4.2) and for the crystal violet method labs 2, 4, and 6 performed IHPs (Fig. $4.3).

A summary of the statistical comparison of ILP vs IHP for each three methods is given in Table 2. For each
method, the ILP protocol has a better (smaller) reproducibility S;. However, the mean LDs, log), res and log;,
CV between the ILP and IHP for each of the three methods were statistically significantly equivalent?’.
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Figure 1. Control experiment data for the ILP protocol. Along the horizontal axis are listed the lab IDs and
the two experimental days within each lab. Horizontal jitter has been applied to better visualize data points.
(A) Plate count—Each point in the graph is the log density (LD =1og10(CFU/well)) of biofilm bacteria grown
on a single well. (B) Resazurin—Each point in the graph is the log,, resorufin concentration (pg/mL) of
biofilm bacteria grown on a single well. (C) Crystal violet—Each point in the graph is the log,, crystal violet
concentration (ug/mL) of biofilm bacteria grown on a single well.

Method

Mean log,, response +SE

Units

Variance components

Standard deviation

day +error

Lab

Repeatability

Reproducibility

Plate count

7.32+0.40

CFU/well

8.82%

91.18%

0.27

0.92

Resazurin

0.71+0.22

pg/mL

15.89%

84.11%

0.21

0.53

Crystal Violet

1.13+£0.19

pg/mL

10.18%

89.82%

0.14

0.44

Table 1. Summary of statistical analysis for the ILP control data for each method. The table shows the main
conclusions (mean Log values + Standard Error (SE), variance and standard deviations for repeatability and
reproducibility) for the control data using the ILP protocols only for all participating labs, excluding lab 5.
Recall from the glossary and methods section that the Repeatability SD is the square root of the “Day + Error”
variance, and the Reproducibility SD is the square root of the “total variance”

Treatment. The dose response curves with respect to the LRs are shown per lab in Figs. S4.4, $4.5 and $4.6.
The dose-response curves pooled over all labs are shown in Fig. 2.

A summary of the analysis is shown in Table 3. Based solely on the reproducibility Sp values from the table,
crystal violet is the most reproducible method with an Sy =0.28, followed by resazurin (S;=0.36) and plate
counts (Sg=1.79).

However, the dose-response for the crystal violet method (Fig. 2C) is quite different compared to the other
two. Furthermore, in some instances crystal violet showed negative LR values for the treatment experiments
(Fig. 2C and Fig. 54.6), which means that the treated biofilms had higher crystal violet concentrations than the
side-by-side controls suggesting that there was an issue with the method despite the low S; value. From the
dose response relationship for each method in Table 3, the responsiveness of the method was evaluated based
on the slope of the regression line. The larger the slope, the more responsive the method is. Hence, the plate
count method is the most responsive of the three, and crystal violet was the least responsive. As discussed in the

Scientific Reports|  (2021) 11:13779 | https://doi.org/10.1038/s41598-021-93115-w nature portfolio



www.nature.com/scientificreports/

Standard deviation

Method Protocol | Mean log,, response+SE | Units Repeatability | Reproducibility | ILP IHP | Result
ILP 8.20+0.33 CFU/well |0.13 0.49

Plate count 0.035 Equivalent
IHP 8.17+0.42 CFU/well |0.17 0.60
ILP 1.15+0.04 ug/mL 0.11 0.11

Resazurin 0.105 Equivalent
THP 1.05+0.04 ug/mL 0.16 0.16
ILP 1.42+0.08 ug/mL 0.14 0.18

Crystal Violet -0.095 Equivalent
IHP 1.52+0.23 pg/mL 0.19 0.42

Table 2. Comparison of the ILP and ITHP control data for each method. The table shows the main conclusions
(mean Log,, values + Standard Error (SE), and standard deviations for repeatability and reproducibility,
difference between means, and equivalency testing at 97.5% confidence with an equivalency margin of 0.5 logs)
for the control experiments data using the ILP and IHP protocols.

Log Reduction
w

20
Log10 NaOCl

€C o

050

o
~
w

Log Reduction
°
8

-0.25

-0.50

14 A‘
A
12 4
>
A . ]
L e k3
»
S A . [
T 08 *
3
& o5
o
S - o
04 LA
L]
R-sq = 347 % * .
02
) 7 b 4
00 "" Py <
25 30 10 15 20 25 30
Log10 NaOCl
<
wa
ks
s
<
A
‘0 > »*
an> I »u
by -
> ! » >
[} <
o »
* R-sq = 5.8% * *
° A, LIS
.
* .
* °
° L J
10 15 20 25 30
Log10 NaOCl

Figure 2. Dose response curves for treatment data. Each data point represents the mean LR per experimental
day, per lab. The red curve indicates the regression line. (A) Plate count, (B) Resazurin, (C) Crystal violet.

Method Sk Equation Slope/Sg
Plate count 1.79 LR=-1.196+1.823Log,NaOCl 1.02
Resazurin 0.36 LR=-1.406+0.3132Log,;,NaOCl 0.87
Crystal Violet 0.28 LR=-0.2186 +0.08669Log,,NaOCl 0.31

Table 3. Summary of the treatment data for each method. The table shows the Sy values for the LRs pooled
over all concentrations of the NaOCI treatment when applying the ILP protocols only. In addition, the
equation of the regression line (shown in Fig. 2) that quantifies the dose response curve for each method. The
slope in each equation quantifies responsiveness of each method, hence the column Slope/Sy is a measure of
the reproducibility of each method relative to the responsiveness.
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Figure 3. Reproducibility curves. Reproducibility SD (Sg) calculated as a function of the mean log reduction
(LR) for all 4 concentrations of NaOCl across all 5 labs. (A) Plate count, (B) Resazurin, (C) Crystal violet.

“Methods’, it is possible to directly compare the mean LRs, SDs and slopes for the different methods because
LRs, SDs and slopes of log responses are invariant to a change in units.

The reproducibility for all three methods is further illustrated in Fig. 3. In these graphs the reproducibility
SD was plotted as a frown shaped function of the mean LR (across all 5 labs) for each NaOCl concentration.
This is in contrast to the reproducibility SD presented in Table 3 that was calculated by pooling the data over all
concentrations of NaOCI. For the plate count method (Fig. 3A), a similar relationship has been found for other
antimicrobial test methods and micoorganisms®. Figures 3B and C show, for the first time in the literature, that
the reproducibility SDs for resazurin and crystal violet appear to have this same frown shaped pattern. This sug-
gests that microbial LRs, whether from CFUs, resazurin or crystal violet, are most reproducible for ineffective
and highly effective antimicrobials.

To provide a comparison between the three methods that accounts for both responsiveness and reproducibil-
ity, we divided the slope of the dose-response curve by the reproducibility S; (Slope/Sg), analogous to the signal
to noise ratio (and inversely related to the relative standard error and the limit of quantitation)®®. The higher this
unitless value the better the method is at evaluating the effect of different concentrations of treatment. The plate
count method performs best, even though it had the worst reproducibility SD, because of the large change in LRs
as the concentration of NaOCl was changed (i.e., because of the steep slope). The crystal violet method performs
the worst in spite of having the best reproducibility because of poor responsiveness; thus, in our setup it is not
suitable for differentiating antimicrobials with different efficacy. A potential reason for this poor responsiveness
may be a peculiar interaction noticed between the bleach, the plastic material of the microtiter plate and the
crystal violet dye (Fig. S4.7). In follow up experiments, when bleach at different NaOCI concentrations (2% vol/
vol and 0.1% vol/vol) was added to an empty microtiter plate for 10 min and the plate was subsequently stained
with 0.1% vol/vol crystal violet, the stain bound to the wells, despite the lack of biofilm. One reason for this could
be that the bleach is corroding the surface of the wells and creates a rougher surface where the crystal violet can
bind. Another possible explanation could be due to the redox reaction between crystal violet and bleach, which
results in crystal violet losing colour. If any bleach is left behind following neutralisation then it might be affecting
the crystal violet dye. Hence, when choosing a suitable method, it is important to take into consideration any
chemical interactions between the antimicrobial agent, the material used to grow the biofilm and any staining
agents used in the assessment method.

Moreover, from the dose-response curves for the plate count method in Fig. S4.4 it can be seen that for lab
3 the differences between the 4 NaOCI concentrations are not as pronounced as for the other labs. One reason
for this difference in response was thought to be the relationship between the starting LD of the biofilm and the
resulting LR, as biofilms with a lower starting LD are overall easier to kill by antimicrobial agents®. This can be
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seen in the graphs in Fig. S4.8, where the Mean LR for each lab was plotted as a function of the mean control LD.
All 4 graphs show that for labs with higher mean control LDs, the mean LR values are lower. Hence, since lab
3 has overall lower control LD values (Fig. 1), the biofilm might be easier to kill with lower concentrations of
NaOCl and saturation is reached, leading to no difference in LR between different treatments.

Discussion

Despite the extensive use of microtiter plate methods in biofilm research, little is known about their comparabil-
ity, limitations, repeatability, and reproducibility. Due to this lack of information data collected from microtiter
plate methods often have little use outside of an individual study, or outside studies performed in the same
laboratory. With this interlaboratory study we aimed to answer some of these questions: Is it possible to compare
microtiter plate data across different labs? How repeatable and reproducible are crystal violet, resazurin and plate
counts in microtiter plate experiments? How does the change in protocol for the assessment step affect reproduc-
ibility? How responsive and reproducible are these methods when performing an antimicrobial efficacy test?

First, our results clearly show that comparability between different labs is achievable. For the plate count
method, this is very straightforward, however for resazurin and crystal violet extra steps and data transformations
are necessary. Due to differences in plate reader outputs, to compare resazurin and crystal violet data across labs,
it was imperative that each lab calculate their own calibration curves. An attempt was made to compare “raw”
data without the use of calibration curves, and the repeatability and reproducibility were adversely affected [raw
data available in Zenodo repository, https://doi.org/10.5281/zenodo.4450073]. The implementation of calibra-
tion curves enabled us to report the data as log,, concentration of crystal violet and resorufin, as opposed to
the more commonly used optical density (OD) and fluorescence emission data. Use of calibration curves is not
common practice for these methods and as such it is not possible to compare any published data from different
research groups on these methods even if their protocols are similar or exactly the same. Hence, the way in which
the scientific community treats and reports such data needs to change.

Once we made the data comparable, we examined how repeatable and reproducible each of these three
assessment methods were in microtiter plates. If we focus solely on our study, the control experiment results
showed that the crystal violet method is the most repeatable and reproducible method of the three, while plate
counts were the least. However, previous studies on the repeatability of microtiter plate methods seem to be in
contradiction with our results. In the study by Jorge et al. 2015, they evaluated the repeatability of the crystal
violet, plate counts and XTT methods in assessing Pseudomonas aeruginosa biofilms. Their results showed issues
with repeatability for all three methods, most noticeably for the crystal violet method’. Similarly, in the study by
Kragh et al. 2019 they report better repeatability for the plate count method when compared to crystal violet for
24 h biofilms of P. aeruginosa®. The most probable explanation for these differences could be the way the data
were treated. These studies do not use calibration curves for the crystal violet data and instead report them as
OD values and they also do not log transform their plate count data. These observed differences in repeatability
could also be due to differences in the bacterial species used, as our study was performed on S. aureus biofilms,
not P. aeruginosa. Moreover, they could also be attributable to differences in the biofilm growth protocol and
assessment methods protocols.

As the plate count method is extensively used in previously validated standard methods, we can compare the
reproducibility of our ILP protocol to that observed for other biofilm growing devices'”'®?%, For example, the
MBEC device which has been accepted as a standard method for antimicrobial testing on P. aeruginosa biofilms*
is a modified microtiter plate where the biofilm grows on pegs attached to the microtiter plate lid. As such the
environment and growth conditions within the MBEC device are similar to the microtiter plate. For the MBEC
device the ring trial results showed a control Sy =0.67 and Mean Log,, CFU/mm?*=5.48"". If we convert our data
to Log;y CFU/ mm?, the Mean Log,, CFU/mm?=5.14 and the control Sy remains the same at 0.92. Hence, our
control data are not as reproducible as the MBEC device (Table 1). Nevertheless, acceptable repeatability and
reproducibility SDs for plate counts from controls are < 0.5 and < 0.7, respectively™. In our case, the plate count
method has very repeatable control data with an SD=0.27, but less reproducible control data with an S =0.92. No
references are available for acceptable SD values for control data from the crystal violet and resazurin methods.

To compare the reproducibility of the LRs between microtiter plates and the MBEC, we can compare the
reproducibility curve in Fig. 3A to the similar frown shaped curve showing reproducibility for the MBEC?**. The
reproducibility SD curve in Fig. 3A is higher than for the MBEC over the same range of LRs, peaking at about
Sr =2 for the microtiter method compared to Sy = 1.5 for the MBEC. This indicates that LRs generated from CFUs
from the 96-well microtiter plate method are more variable than the MBEC when testing antimicrobials with a
wide range of efficacy. One possible explanation for this could be the difference in the biofilm harvesting protocol.
While the MBEC device relies on a mostly automated process by using sonication to remove the biofilm from the
pegs, for the microtiter plate the biofilm is removed by scrapping each well individually, which may increase the
chance for human error. Moreover, as the ILP protocol did not go through the ruggedness testing that the MBEC
device and other standard methods went through, further optimisation could help improve the reproducibility
of the method'”*!. Nonetheless, as these tests were performed for different species of bacteria, it is not certain if
this difference in reproducibility is due to the different bacteria or the protocols used or the device itself.

Another question we wanted to explore was whether using a standardised protocol for the assessment method
made a difference in results. For this purpose, groups with established in-house protocols (IHP) performed them
in parallel to our ILP. For all three methods, the results showed that the mean response was statistically signifi-
cantly equivalent between the different protocols but that the reproducibility for the ILP was better (i.e., the Sy
values for the ILP were smaller). One interesting detail to consider is that the biofilm growth protocol and the
inoculum used was the same for both the ILP and the IHP protocols. This suggests that what contributes the most
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to variability is how the biofilm is grown and how the inoculum is prepared, rather than how the assessment of
the biofilm is performed, an observation that is in agreement with previous research®.

Finally, we wanted to evaluate which assessment method would be the most appropriate to use for a treat-
ment efficacy test. For this purpose, we chose NaOClI as the antimicrobial treatment and we evaluated NaOCl
contact killing at four different NaOCIl concentrations. An initial look at the results seemed to suggest that once
again the crystal violet method was the most reproducible and as such the better method to use. However, when
performing treatment efficacy testing, the responsiveness of the method is crucial. Responsiveness indicates
the ability of the method to differentiate between different concentrations of the treatment and evaluate it as a
dose-response. The plate count method was the most responsive method of the three. Furthermore, when we
looked at their reproducibility with respect to responsiveness, the plate count method performed the best out
of the three. Unexpectedly, the resazurin method which measures the metabolic activity of the biofilm showed
poor responsiveness compared to plate counts. This could be due to a high presence of viable but dormant cells
in the treated wells or an unknown interaction of resazurin with the antimicrobial used. Another possibility is
that the observed responsiveness of the plate counting method is artificially too high due to a large number of
viable but non-culturable survivors on treated carriers.

In conclusion, the microtiter plate is a versatile and easy-to-use biofilm reactor which shows good repeatability
and reproducibility for different types of assessment methods. It can also allow for comparison of data between
different labs. However, for comparisons across labs to be possible calibration curves are essential, hence there
needs to be a change in the way we report microtiter plate experiment data, especially for spectrophotometric
and fluorometric type assays. This combined with more detailed reporting based on minimum information
guidelines could add more value to results obtained from microtiter plate experiments and open the possibility
for comparison across studies and data mining applications.

Data availability
The datasets generated and analysed during the current study are available in the Zenodo repository, https://
doi.org/10.5281/zenodo.4450073.

Code availability

Minitab® and all other trademarks and logos for the Company’s products and services are the exclusive property
of Minitab, LLC. All other marks referenced remain the property of their respective owners. See minitab.com
for more information. License Server: @software.fe.up.pt.

Received: 21 January 2021; Accepted: 3 June 2021
Published online: 02 July 2021

References

1. Goodman, S. N., Fanelli, D. & Ioannidis, J. P. What does research reproducibility mean?. Sci. Transl. Med. 8, 34112 (2016).

2. Grimes, D. R., Bauch, C. T. & Ioannidis, J. P. Modelling science trustworthiness under publish or perish pressure. R. Soc. Open Sci.
5,171511 (2018).

3. Begley, C. G. & Ioannidis, J. P. Reproducibility in science: improving the standard for basic and preclinical research. Circ. Res. 116,
116-126 (2015).

4. Baker, M. Reproducibility Crisis?. Nature 533, 26 (2016).

5. Peeters, E., Nelis, H. J. & Coenye, T. Comparison of multiple methods for quantification of microbial biofilms grown in microtiter
plates. J. Microbiol. Methods 72, 157-165 (2008).

6. Sandberg, M., Maittinen, A., Peltonen, J., Vuorela, P. M. & Fallarero, A. Automating a 96-well microtitre plate model for Staphy-
lococcus aureus biofilms: An approach to screening of natural antimicrobial compounds. Int. J. Antimicrob. Agents 32, 233-240
(2008).

7. Jorge, P, Lourengo, A. & Pereira, M. O. Data quality in biofilm high-throughput routine analysis: intralaboratory protocol adapta-
tion and experiment reproducibility. J. AOAC Int. 98, 1721-1727 (2015).

8. Kragh, K. N., Alhede, M., Kvich, L. & Bjarnsholt, T. Into the well: A close look at the complex structures of a microtiter biofilm
and the crystal violet assay. Biofilm 1, 100006 (2019).

9. Azeredo, J. et al. Critical review on biofilm methods. Crit. Rev. Microbiol. 43, 313-351 (2017).

10. Skogman, M., Kanerva, S., Manner, S., Vuorela, P. & Fallarero, A. Flavones as quorum sensing inhibitors identified by a newly
optimized screening platform using chromobacterium violaceum as reporter bacteria. Molecules 21, 1211 (2016).

11. Melo, L. D. R. et al. Development of a phage cocktail to control proteus mirabilis catheter-associated urinary tract infections. Front.
Microbiol. 7, 1024 (2016).

12. Moreira, J. M. R. et al. The effect of glucose concentration and shaking conditions on Escherichia coli biofilm formation in micro-
titer plates. Chem. Eng. Sci. 94, 192-199 (2013).

13. Gomes, L. C., Moreira, J. M. R, Simdes, M., Melo, L. FE. & Mergulhao, F. J. Biofilm localization in the vertical wall of shaking 96-well
plates. Scientifica 2014, 231083 (2014).

14. Coenye, T., Goeres, D., Van Bambeke, F. & Bjarnsholt, T. Should standardized susceptibility testing for microbial biofilms be
introduced in clinical practice?. Clin. Microbiol. Infect. 24, 570-572 (2018).

15. Lourengo, A. et al. Minimum information about a biofilm experiment (MIABIE): standards for reporting experiments and data
on sessile microbial communities living at interfaces. Pathog. Dis. 70, 250-256 (2014).

16. Allkja, J. et al. Minimum information guideline for spectrophotometric and fluorometric methods to assess biofilm formation in
microplates. Biofilm 2, 100010 (2020).

17. Parker, A. E. et al. Ruggedness and reproducibility of the MBEC biofilm disinfectant efficacy test. J. Microbiol. Methods 102, 55-64
(2014).

18. Goeres, D. M. et al. Development, standardization, and validation of a biofilm efficacy test: The single tube method. J. Microbiol.
Methods 165, 105694 (2019).

19. Goeres, D. M. et al. Drip flow reactor method exhibits excellent reproducibility based on a 10-laboratory collaborative study. J.
Microbiol. Methods 174, 105963 (2020).

20. ASTM E2799-17. Standard Test Method for Testing Disinfectant Efficacy against Pseudomonas aeruginosa Biofilm using the MBEC
Assay. ASTM Int. West Conshohocken PA (2017).

Scientific Reports |

(2021) 12:13779 | https://doi.org/10.1038/541598-021-93115-w nature portfolio


https://doi.org/10.5281/zenodo.4450073
https://doi.org/10.5281/zenodo.4450073

www.nature.com/scientificreports/

21. ASTM E2562. Standard Test Method for Evaluating Disinfectant Efficacy against Pseudomonas aeruginosa Biofilm Grown in CDC
Biofilm Reactor Using Single Tube Method. (2019).

22. ASTM E2647-20. Standard Test Method for Quantification of a Pseudomonas aeruginosa Biofilm Grown Using a Drip Flow Biofilm
Reactor with Low Shear and Continuous Flow. ASTM Int. West Conshohocken PA (2020).

23. Hamilton, M. A., Hamilton, G. C., Goeres, D. M. & Parker, A. E. Guidelines for the statistical analysis of a collaborative study of
a laboratory method for testing disinfectant product performance. . AOAC Int. 96, 1138-1151 (2013).

24. Fritz, B. G., Walker, D. K., Goveia, D. E., Parker, A. E. & Goeres, D. M. Evaluation of Petrifilm™ aerobic count plates as an equivalent
alternative to drop plating on R2A agar plates in a biofilm disinfectant efficacy test. Curr. Microbiol. 70, 450-456 (2015).

25. Nelson, M. T,, LaBudde, R. A., Tomasino, S. F. & Pines, R. M. Comparison of 3M Petrifilm Aerobic Count Plates to standard plating
methodology for use with AOAC antimicrobial efficacy methods 955.14, 955.15, 964.02, and 966.04 as an alternative enumeration
procedure: Collaborative study. J. AOAC Int. 96, 717-722 (2013).

26. Parker, A. E.,, Hamilton, M. A. & Goeres, D. M. Reproducibility of antimicrobial test methods. Sci. Rep. 8, (2018).

27. Richter, S.J. & Richter, C. A method for determining equivalence in industrial applications. Qual. Eng. 14, 375-380 (2002).

28. Thompson, M. Uncertainty functions, a compact way of summarising or specifying the behaviour of analytical systems. TrAC
Trends Anal. Chem. 30, 1168-1175 (2011).

29. Stewart, P. S. Antimicrobial tolerance in biofilms. Microbiol. Spectr. 3, 1-10 (2015).

30. Parker, A. E. & Hamilton, M. A. KSA-SM-10: Assessing Resemblance, Repeatability, and Reproducibility for Quantitative Methods
(Center for Biofilm Engineering at Montana State University, 2011).

31. Hamilton, M. A. KSA-SM-03—Testing surface disinfectants: Desirable attributes of a standardized method. (2010).

32. Kragh, K. N. et al. The inoculation method could impact the outcome of microbiological experiments. Appl. Environ. Microbiol.
84, €02264-e2317 (2018).

Acknowledgements

This project has received funding from the European Union’s Horizon 2020 research and innovation program
under the Marie Sklodowska—Curie Grant Agreement No. 722467, Print-Aid project. The information and
views set out in this article are those of the authors and do not necessarily reflect the official opinion of the
European Union. Neither the European Union institutions and bodies nor any person acting on their behalf
may be held responsible for the use which may be made of the information contained therein. This work was
financially supported by: Base Funding—UIDB/00511/2020 of the Laboratory for Process Engineering, Environ-
ment, Biotechnology and Energy—LEPABE—funded by national funds through the FCT/MCTES (PIDDAC).

Author contributions

J.A,, N.EA.,, D.M.G. and A.E.P. designed the study and drafted the manuscript. J.A. and A.E.P. performed the
data analysis. J.A., Ev.C, J.A,, LR., C.G.P. and J.A.V.R. performed the experiments for the study. Ev.C., J.A,, LR,
C.G.P,J.AVR,PC,T.C, AFE,S.AJ.Z, AF and L.F. reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-93115-w.

Correspondence and requests for materials should be addressed to D.M.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:13779 | https://doi.org/10.1038/s41598-021-93115-w nature portfolio


https://doi.org/10.1038/s41598-021-93115-w
https://doi.org/10.1038/s41598-021-93115-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Interlaboratory study for the evaluation of three microtiter plate-based biofilm quantification methods
	Materials and methods
	Study design. 
	Biofilm growth. 
	Plate reader tests. 
	Control experiments. 
	Treatment experiments. 

	Statistical analysis. 
	Plate count data treatment. 
	Crystal violet and resazurin data transformation. 
	Repeatability and reproducibility assessment. 
	ILP versus IHP comparison. 
	Responsiveness assessment. 
	Model assessment and software. 


	Results
	Control. 
	Interlaboratory protocol analysis. 
	Interlaboratory protocol vs in-house protocol. 

	Treatment. 

	Discussion
	References
	Acknowledgements


