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Goal

This application note aims to demonstrate the benefits of
using orthogonal approaches for studying Staphylococcus
aureus biofims—in particular, their susceptibility to
antimicrobial agents. This is exemplified by performing a
single adherence assay based on crystal violet staining,
which allows both quantification of biofilm biomass and
imaging of the attached cells. In the workflow presented
here, the measurement of the photometric signal from
the biomass-bound crystal violet dye was performed
with a Thermo Scientific™ Multiskan™ Sky Microplate
Spectrophotometer, which was complemented with the
brightfield imaging of the microbial attachment pattern
using an Invitrogen™ EVOS™ FL Auto Imaging System.

Introduction

Biofilms represent a complex multicellular sessile life-form
of bacteria. These communities are formed embedded in a
self-produced matrix, and they are considered responsible

for a majority of antibiotic-tolerant infections [1]. Even in
the case of biofilms formed by a single species, they are
known to be inherently heterogeneous, which is related

to both physiological and genetic factors. In the first case,
chemical gradients give rise to different microenvironments
within the biofilm where cellular populations with different
metabolic rates coexist. In the second case, cells within
the community may develop mutations that alter cellular
responses and metabolic pathways. Thus, from a
methodological perspective, addressing biofilm complexity
is crucial, and it has become clear that a single endpoint
is not enough to capture both the physical and functional
complexities associated with biofilms [2]. Indeed, the use
of a multiplicity of parameters, also known as orthogonal
approaches, has proven to be a valuable strategy for
achieving a deeper understanding of complex cellular
events, such as those occurring in microbial biofilms [3].
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Different endpoints have been successfully applied

to biofilm analysis, focused on measuring bacterial
viability (i.e., metabolic activity or membrane integrity)

[4], quantifying the biofilm matrix [5], or estimating the
biofilm biomass [6]. These quantitative methods are fast
and technically easy to use [7], but they do not provide
information on the spatial distribution of biofilms. Such
information, typically obtained by imaging, is essential for
revealing clues on cellular localization and heterogeneity
within the biofilms. Techniques such as brightfield or
fluorescence microscopy [8,9] combined with confocal
laser scanning microscopy (CLSM) [10], fluorescence in situ
hybridization (FISH) [11], and atomic force microscopy [12]
have all been applied to biofilm imaging.

Crystal violet staining is widely used due to its low cost,
simplicity, and compatibility with high-throughput screening
[7]. It is particularly suited for genetic and antimicrobial
screens, as well as for screening of biofilm formation

on an abiotic surface under multiple growth conditions.
Hydrophilic polystyrene has been the most frequently used
surface in standard biofilm assays. Using this static biofilm
system, nonadherent planktonic cells are removed and the
biofilm cells that remain adhered to the surface are stained
to allow visualization of the microbial attachment pattern.
The dye bound to the biofilm biomass can also be further
solubilized for a colorimetric quantitative assessment of the
formed biofilms [13].

In this application note, a study of Staphylococcus
aureus biofilms formed on polystyrene 96-well microtiter
microplates with and without a model antibiotic, penicillin
G, is reported. The benefits of combining different
outcomes within a single staining assay were explored
with the ultimate goal of understanding antimicrobial
susceptibility of staphylococcal biofilms.

Materials and methods
Instruments
e Multiskan Sky Microplate Spectrophotometer

e EVOS FL Auto Imaging System

e Shaking incubator S1500 (Stuart)

Bacterial strains, reagents, and materials
e Staphylococcus aureus (ATCC, Cat. No. 25923)

e Tryptone Soy Broth, TSB (Lab M, Cat. No. LAB0O04)

e Tryptone Soy Agar, TSA (Lab M, Cat. No. LABO11)

e Thermo Scientific™ Nunc™ MicroWell™ 96-Well
Microplates, Nunclon™ Delta surface (Thermo Fisher
Scientific, Cat. No. 161093)

e Crystal violet solution (Sigma-Aldrich,
Cat. No. HT90132-12)

e Phosphate-Buffered Saline, PBS (Lonza,
Cat. No. BE17-516F)

e Penicillin G sodium salt (Sigma-Aldrich,
Cat. No. 13752-5G-F)

Experiments

A pre-culture of S. aureus was prepared by adding 10 pL of
the pure culture (maintained as a glycerol stock at —-80°C)
to 3 mL TSB, and the cells were cultured for 18 hr at 37°C
under aerobic conditions (220 rpm). A 1:1,000 dilution of
this pre-culture was made. This suspension was incubated
(87°C, 220 rpm) for 4 hr, until the bacteria reached the
exponential phase of growth (A, = 0.38 +0.01). Cell
samples withdrawn at this growth stage were serially
diluted and plated on TSA to determine the viable counts
of bacteria (colony forming units, CFUs) after overnight
incubation at 37°C.

To form biofilms, the exponentially grown cultures

(10 CFU/mL) were added to Nunc 96-well microplates.
Cells were exposed to either culture medium (untreated
controls) or penicillin G (dissolved in PBS). To assess

the effect of penicillin G in preventing biofilm formation
(pre-exposure trials), 4 pL of penicillin G solution was
added at the same time as the bacterial cultures (196 L),
and the plates were incubated at 37°C, 220 rpm for 18

hr. To assess the effect of penicillin G in the preformed
biofilms (post-exposure trials), biofilms were first formed

by adding planktonic bacterial suspensions to the plates
(200 pL) and incubating the plates at 37°C under aerobic
conditions (220 rpm) for 18 hr. Afterwards, the planktonic
phase was removed and 4 pL of penicillin G solution was
added along with the culture medium (196 pL). Plates were
then returned to incubation conditions for an additional

18 hr at 37°C. Final concentrations of penicillin G in the two
exposure conditions were 0.1, 0.05, and 0.025 uM. In both
conditions, wells containing only culture medium with PBS
were included as negative controls.



To perform the crystal violet staining, the planktonic
suspensions were removed from the plates at the end of
the incubation periods, and the biofilms were fixed with
99.8% methanol (MeOH) (200 uL per well) for 15 min. After
removal of MeOH, the wells were allowed to dry. Then

190 pL of crystal violet solution (0.0023%, v/v) was added
and the cells were stained for 5 min at room temperature
(RT), followed by two cycles of washing (200 pL per well)
with Milli-Q™ water. Wells were allowed to dry for 15 min at
RT. Next, brightfield images of the biofilms were captured
using the EVOS FL Auto Imaging System (10x objective).
Once pictures were taken, the crystal violet stain—-bound
biofilm was solubilized in 96% ethanol (200 ulL per well).
After 1 hr incubation at RT, the stained biofilm cells were
quantitated by recording the absorbance at 595 nm using
the Multiskan Sky Microplate Spectrophotometer (Figure 1).

Results and discussion

The formation of S. aureus biofilm biomass was
quantitatively measured using crystal violet staining. As
expected, the highest absorbance values were obtained

10° CFU/mL

in the untreated biofilms grown for 18 hr or 36 hr (A, =
1.213 +£0.233 and 1.564 +0.289, respectively), as opposed
to the corresponding media controls (A, = 0.156 +0.019
and 0.148 +0.014, respectively). The lowest and highest
absorbance values within the plate can be quickly and
easily identified with the aid of the user interface of the
Multiskan Sky Microplate Spectrophotometer. Results

of an assay can be viewed as numerical data or with

a wavelength-adjusted heat map. Regardless of the
selected view, the wells with the lowest and highest
absorbance values are automatically identified and shown
(Figure 2). Since it is wavelength-adjusted, an advantage
of using the heat map view is that the color on the screen
mimics the one seen in the actual test plate (in this case,
the purple-blue color of the crystal violet stain). Actual
variations within the crystal violet-bound biomass in the
untreated biofilm wells are seen as different hues of blue
in the user interface. This proprietary wavelength-adjusted
heat map also allows quick identification of effective
antibacterial treatments, and it further simplifies the
identification of possible outliers within a plate.
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Figure 1. Schematic representation of pre-exposure experiment workflow. Spectrophotometer

Figure 2. Heat maps generated by the Multiskan Sky Microplate
Spectrophotometer after performing the endpoint measurement

with crystal violet staining at 595 nm. Heat maps are from the

(A) pre-exposure and (B) post-exposure assays. Red squares highlight

the values corresponding to the media control; white squares highlight the
values corresponding to penicillin treatment (0.1 uM, 0.05 uM, and 0.025
pM in columns 3, 4, and 5, respectively). Yellow squares highlight the
maximum and minimum values, represented below the heat map in the bar
graph. Wells without squares correspond to untreated biofilm controls.



Results of the pre-exposure assay are presented in biomass was further confirmed with imaging—a dramatic
Figure 3. The low absorbance values of crystal violet decrease in the number of stained cells was seen as the
staining quantified in the media controls (Figure 3A) indicate  penicillin concentrations increased (Figures 3D-F). Of note,
an insignificant amount of biofilm biomass in those wells, as it can be appreciated that stained biofilms formed on the

confirmed by the clean (poorly stained) brightfield images wells treated with the lowest concentration of penicillin
(Figure 3B). In contrast, the images captured of the young (0.025 uM, Figure 3D) share an attachment pattern and
S. aureus biofilms (Figure 3C) formed after 18 hr show a spatial organization similar to that of the untreated controls.
uniformly distributed biofilm with hardly any clear spaces, Images also reveal that biofilms tended to concentrate
corresponding to an average crystal violet absorbance towards the edge of the wells. This is in accordance with
of 1.213 £0.230 (Figure 3A). In this pre-exposure assay, other studies revealing that differences exist between the
treatment with 0.025 uM of penicillin was found to be microbial attachment patterns across a well in a microplate
sub-inhibitory, with crystal violet absorbance readings [14]. Such differences in spatial distribution are caused
(1.220 +0.316) that were not statistically different from those by the amplitude of fluctuations of the shear flow that is
of the untreated biofilms (Figure 3A). However, increasing generated when the plate is shaken in an orbital fashion.
the penicillin concentration in the planktonic S. aureus This affects not only the way the biofilm is deposited but
resulted in significantly lower crystal violet absorbance also its morphology and survival. Such aspects need to be
values (0.257 +0.048 and 0.143 +0.010 for 0.05 and 0.1 M taken into account, since the tolerance towards antibiotics
of penicillin, respectively). Such reduction on the biofilm is highly affected by the biofilm morphology [15].
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Figure 3. Quantification and imaging of crystal violet-stained S. aureus biofilms with and without penicillin G treatment (pre-exposure
assay). (A) Absorbance at 595 nm of crystal violet-stained biofilms. Each bar represents the average of at least 3 technical replicates, with standard
deviations (SD). All absorbance values were measured using the Multiskan Sky Microplate Spectrophotometer. Statistical comparisons between each
treatment and the untreated biofilms were performed using an unpaired t-test with Welch’s correction (*** P < 0.0001). (B=F) Representative well
images of crystal violet-stained biofilms obtained under the different exposure conditions shown in (A). Images were captured using the EVOS FL Auto
Imaging System (10x objective).



In the post-exposure assay, penicillin was added to
preformed biofilms (Figure 4). Once developed, biofilms
are characterized by high levels of antibiotic tolerance and
they cannot be easily eradicated with existing antibiotics.
Indeed, stained biofilms were present in samples
exposed to the three different concentrations of penicillin
and their distributions across the wells are very similar
(Figures 4D—F). However, the microbial attachment was
not as uniform when compared to the one seen in the
untreated biofilms (Figure 4C). This is also supported by
the measured reduction in the overall crystal violet—stained
biomass of the penicillin-treated samples. Absorbance
values of the penicillin-treated biofilms (1.072 +0.101,
1.039 +0.300, and 1.185 +0.089 for 0.025, 0.05, and

0.1 uM of penicillin, respectively) were roughly 30%

lower than the one measured for the untreated controls
(1.564 +£0.289) (Figure 4A).

The pre-exposure assay (Figure 3) provides information
on the ability of a compound to kill planktonic bacteria
before it forms biofilms, and thus it can be attributed to
biocidal activity, as in the case of penicillin G here. On the
other hand, when tested on preformed S. aureus biofiims
(Figure 4), penicillin G did not cause significant biomass
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inhibition, and there was not a clear concentration—
response effect. In this exposure paradigm, specific
anti-biofilm effects are measured and the results can

be used to discriminate between broad-spectrum
antibacterial agents (such as penicillin G) and specific
anti-biofilm compounds, which would exert a more potent
inhibitory effect on the preformed biofilms. It is important
to note that crystal violet stain measures the amount of
biofilm present but not the viability, so it is only useful for
assessing the effects on the total biomass attached but
not for evaluating the bactericidal effects [16].

The orthogonal approach used here involved the
quantification of the crystal violet—stained biofilms along
with brightfield imaging within a single cellular-adherence
assay. Imaging and quantification can work in a
confirmatory manner. In the current investigation, for
instance, both methods demonstrate the inhibitory
effects of penicillin G on the biofilm biomass. However,
each result can also add distinctive information about
the cellular event under study. This is exemplified here by
the spatial distribution pattern of biofiims, which can be
provided only through cellular imaging.
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Figure 4. Quantification and imaging of crystal violet-stained S. aureus biofilms with and without penicillin G treatment (post-exposure
assay). (A) Absorbance at 595 nm of crystal violet-stained biofilms. Each bar represents the average of at least 3 biological replicates, with standard
deviations (SD). All absorbance values were measured using the Multiskan Sky Microplate Spectrophotometer. Statistical comparisons between each
treatment and the untreated biofilms were performed using an unpaired t-test with Welch’s correction (** P < 0.005). (B-F) Representative well images
of crystal violet-stained biofilms obtained under the different exposure conditions shown in (A). Images were captured using the EVOS FL Auto Imaging
System (10x objective).
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Conclusions

In this application note, we have shown the benefits

of using orthogonal approaches for biofilms research.
The workflow used here combines quantification of a
photometric signal using the Multiskan Sky Microplate
Spectrophotometer and brightfield imaging using the
EVOS FL Auto Imaging System. By combining these
results, it is possible to assess the extent to which the
biofilm biomass is affected by a certain antibiotic as
well as to simultaneously elucidate if any changes in the
microbial attachment pattern have taken place under the
tested conditions.

Find out more at thermofisher.com/multiskansky

and thermofisher.com/evos
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