° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
A 5 Author Manuscript

2 eSS

Published in final edited form as:
Curr Protoc Pharmacol. 2010 September 1; 50: 13A.8.1-13A.8.23. doi:10.1002/0471141755.ph13a08s50.

Static biofilm cultures of Gram-positive pathogens grown in a
microtiter format used for anti-biofilm drug discovery
Steven M. Kwasny and Timothy J. Opperman”

Microbiotix, Inc., Anti-Infectives R&D, One Innovation Dr. Worcester, MA 01605, Tel:
508-757-2800, FAX: 508-757-1999

Steven M. Kwasny: skwasny@microbioitix.com

Introduction

In the clinical setting, pathogenic bacteria form biofilms on a variety of medical implants,
such as indwelling catheters, artificial heart valves, and pacemakers (Darouiche, 2001;
O'Gara and Humphreys, 2001; Wilson, 2001). Biofilms are bacterial communities encased
in a hydrated extracellular matrix, which may consist of proteins, polysaccharides, nucleic
acids, or combinations of these molecules (Branda et al., 2005). The development of
biofilms on medical devices presents significant medical problems because bacteria in the
biofilm mode of growth are highly resistant to treatment with antibiotics and clearance by
the host’s immune system. Therefore, once these bacterial communities form they are
extremely difficult to eradicate with conventional therapies. The biofilm mode of growth has
been recognized as an important virulence factor for many pathogens, including
Staphylococcus epidermidis and Staphylococcus aureus. Consequently, bacterial biofilms
have become important targets for drug discovery and for testing conventional antibacterial
compounds for anti-biofilm activity.

Here, we present an in vitro assay for culturing staphylococcal biofilms and biofilms of non-
motile gram-positive bacteria under static conditions in microtiter assay plates, and for the
quantification of biofilm growth using a simple staining procedure that measures the
amounts of bacterial cells and extracellular matrix. This protocol is based on the assay first
described by Chistensen et al. (Christensen et al., 1985), and was brought to the attention of
wider group of biofilm researchers when it was adapted for genetic screens by O’Toole and
Kolter (O'Toole and Kolter, 1998). The protocols described in this unit include
improvements described by other groups (Christensen et al., 1995; Cramton et al., 2001a;
Deighton et al., 2001; Mack et al., 2001; Merritt et al., 2005) and those developed in our
laboratory. While the basic assay is simple to perform and requires a minimum of
equipment, it is very powerful and versatile, and with some ingenuity it can be adapted to
examine many aspects of bacterial biofilm biology.

In the following pages, we describe a basic assay to measure biofilm formation of several
Gram-positive pathogens (Protocol 1) in standard microtiter assay plates. This basic assay
can be adapted readily to study several aspects of biofilm formation. For example, we
present an alternative protocol for measuring biofilm formation on medically relevant
materials, such as silicone. In addition, the basic assay can be adapted for high-throughput
screening to identify small molecule inhibitors of biofilm formation or biofilm-defective
mutants. In Basic Protocol 2, we describe how to identify the optimal media conditions and
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incubation times for a high throughput screen described in Basic Protocol 3. Finally, we
describe how to adapt the basic assay that you have optimized in basic protocol 2 for the
evaluation of the anti-biofilm treatments by measuring the Minimal Biofilm Inhibitory
Concentration (MBIC). While these methods are deceptively simple, they require careful
attention to detail in order to obtain meaningful results. While we have attempted to
highlight the most likely sources of variability in the assay protocols, we encourage you to
optimize the assays for the conditions that exist in your laboratory.

Basic Protocol 1. Basic assay for biofilm formation of non-motile Gram-
positive bacteria

Here we describe a versatile method for growing and quantifying biofilms cultures in 96-
well assay plates. This standard protocol can be used for a variety of non-motile Gram-
positive bacterial species, such as Staphylococcus aureus, S. epidermidis, Enterococcus
faecalis, and E. faecium. However, you may find that you will need to manipulate the assay
conditions to optimize biofilm formation for a particular strain of interest. Guidelines for the
variables that can be manipulated to optimize biofilm growth are given in Basic Protocol 2.

Materials list

Sterile solid growth media—Trytpic Soy Agar (TSA) (Difco™, Becton, Dickenson and
Co. (BD))

Sterile growth media—Trytpic Soy Broth (TSB) (Bacto™ (BD))
Sterile 80% glycerol (autoclaved)

Culture tubes (e.g. 16 x 150 mm)

40% glucose (filter sterile)

96 well assay plates with lids (Costar 3595-flat bottomed, polystyrene, tissue culture
treated or equivalent)

Adhesive foil lids (Costar 6569, optional)

Incubator set at 37 °C

Plate washer, e.g. BioTek ELx405 or equivalent (optional)
Multichannel pipetor (optional)

Pipetting reservoirs

Two 2 L beakers (optional)

Washing solution e.g. Deionized water (dH»0), phosphate buffered saline (PBS), or
0.9% saline

Baking oven set at 60 °C

95% ethanol

0.06% crystal violet (w/v) dissolved in deionized water
Microtiter plate reader (Molecular Devices, optional)

Camera (optional)
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Preparation of freezer stocks

Preparation of inocula
5.

Biofilm growth

1.

Streak the strain(s) of interest on an appropriate solid growth medium using the
streaking technique shown in Fig. 1 to produce single, well-isolated colonies.
We routinely use Tryptic Soy Agar (TSA; BD) for cultivating staphylococci and
enterococci. However, other solid media, such as Brain Heart Infusion (BHI)
agar (BD) or blood agar plates (TSA Il + 5% defibrinated sheep blood) will
support the growth of several Gram-positive bacterial species.

Incubate plates overnight at 37 °C.

Pick 1-2 isolated colonies, inoculate a sterile culture tube containing 3 ml
Tryptic Soy Broth (TSB), and grow cultures aerobically (shaker or tube roller)
overnight at 37 °C.

Create a freezer stock of each isolate by mixing 0.2 ml sterile 80% glycerol with
0.8 ml of the overnight culture (final concentration of glycerol is equal to 16%)
in a 2 ml cryogenic storage vial (e.g. Nalgene cryogenic vials, catalog number
5000-0020). Place freezer stocks at —80 °C.

Note: 80% glycerol can be readily pipetted at room temperature.

Strains. Several readily available biofilm-proficient staphylococcal and
enterococcal strains are listed in Table 1.

Grow an overnight culture for each strain to be tested. Using a sterile tooth pick,
inoculating loop, or applicator stick remove a small portion of the frozen stock
culture and transfer it to a sterile culture tube containing 3 ml TSB.

Grow the culture(s) overnight at 37 °C under aerobic conditions i.e. in a rotary
shaker or in a tube roller.

Prepare inocula by diluting the overnight culture(s) 1:100 in the amount of an
appropriate assay media required for the experiment. Mix thoroughly. We
routinely use TSB or TSB supplemented with additional glucose to a final
concentration of 1%. It is important to use a standardized inoculum as biofilm
density varies with inoculum size.

Media. An all-purpose media that is appropriate for biofilm assays using many
low G+C Gram-positive organisms, such as S. epidermidis, S. aureus, E.
faecalis, and E. faecium, is TSB supplemented with glucose to a final
concentration of 1%. Note: TSB contains 0.25% glucose; add 1.88 ml of filter
sterilized 40% glucose to 100 ml TSB to achieve a final concentration of 1%.

Several strains of S. epidermidis, such as ATCC 35984 (RP62A), form robust
biofilms in TSB media containing 0.25% glucose.

Other media, such as Brain Heart Infusion (BHI) or CYGP broth supplemented
with 1% glucose have been used for growing Gram-positive biofilms (Balaban
et al., 2003; O'Neill et al., 2008). However, depending on the biofilm forming
ability of the strain, it may be desirable to adjust the media conditions so that
the amount to biofilm formation falls within the linear range of the detection
method to be used. See protocol below.

Transfer 200 pl of the inoculum to the assay wells of a sterile 96-well assay
plate, which corresponds to an inoculum of approximately 5 x 10° cells/well.
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We generally use tissue-culture treated polystyrene 96-well assay plates with flat
bottoms (e.g. Costar 3595) for biofilm assays using staphylococci and
enterococci. To compensate for the considerable variability that is inherent in
these assays, we recommend using at least 3—4 replicates for each strain/
condition, from which we can calculate statistically significant values for
average biofilm formation and the standard deviation. We routinely inoculate an
entire column (8 wells) of a 96-well assay plate with a single strain or assay
condition, which provides enough data points to achieve statistical significance.
Each plate should include a media only control (no biofilm formation) and a
positive control strain (e.g. see Table 1)

There is considerable variation between tissue culture treated plates produced
by different manufacturers, and there is considerable variation between plates
from different lots produced by the same manufacturer. These variations in
assay plates will influence the results of the assays. Therefore, we recommend
trying plates from different manufacturers to identify those that are most
suitable for your assay and then using plates from the same lot number for a
series of related experiments.

To speed up the inoculation step, a multichannel pipettor can be used to transfer
the inocula to the assay plates. If the entire plate is to be inoculated with the
same bacterial strain, then a liquid handling device, such as a Multidrop DW
(Thermo Scientific) or Well-Mate (Thermo Scientific) can be used to inoculate
plates.

Cover each plate with the lid supplied by the manufacturer. Alternatively, the

assay plates can be covered with an adhesive foil lid (e.g. Costar 6569), which
increases biofilm formation by creating an environment with reduced oxygen

tension.

Biofilm formation of staphylococci is stimulated by low oxygen conditions
(Cramton et al., 2001b), and the foil lid produces an environment with reduced
oxygen tension.

Transfer inoculated assay plates to an incubator set at 37 °C and incubate them
for an appropriate time (16-18 h) without shaking (static culture). Non-motile
Gram-positive bacteria, such as staphylococci and enterococci, form biofilms on
the bottom of each assay well.

The time of incubation required for robust biofilm formation may vary
considerably in a strain-dependent manner. This assay can be used to generate a
biofilm growth curve that can be used to identify the optimal time of growth for
media/temperature conditions (see Protocol 2)

Remove lids from assay plates.

After incubation, measure the optical density at 600 nm (ODgqq) of each well
using a multiwell plate reader (e.g. Molecular Devices) to quantify overall
growth (biofilm and planktonic). This step is used to identify strains that are
defective in overall growth or conditions that inhibit overall growth, resulting in
decreased biofilm growth.

Remove liquid culture from each well, and remove non-adherent bacteria by
washing each well 3—4 times with deionized water (dH,0) while taking care to
preserve the structure of the biofilm located on the bottom of each assay well.

Curr Protoc Pharmacol. Author manuscript; available in PMC 2012 February 5.
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This step can be accomplished in many ways. In our experience, the most
reliable method is to use a commercially available plate washer, such as a
BioTek ELx-405 (BioTek Instruments Inc, Winooski, VT). This machine will
remove the liquid culture and wash the bottom of the well in a consistent,
automated fashion. The washing parameters, such as dispensing speed, distance
from bottom of aspiration, can be optimized for biofilms formed by different
bacterial species. Because many researchers may not have access to a plate
washer, two alternative washing methods are described below.

Manual methods for plate washing.

1. The first method involves removing liquid culture by inverting the
assay plate and decanting the liquid into a waste receptacle (a2 L
beaker will suffice) with a gentle flick of the wrist. The entire plate is
then “dunked” into a large beaker (e.g. a 2 L beaker) containing dH,0
by inserting the entire plate at an angle (approximately 45 °) into the
water starting with one end and continuing until the entire plate is
submerged. The dH,0 in each well is then decanted into a waste beaker
as described above. Repeat this process 1-3 times. Invert the washed
plates on a paper towel to dry. Because the dunking container will
contain bacteria, care should be taken to avoid contact with the dunking
solution by wearing gloves and by using a large container of dH»0. All
contaminated dH»0 should be decontaminated by addition of bleach to
a final concentration of 10% and contaminated paper towels should be
autoclaved. Gloves should be worn while handling assay plates after
washing.

2. The second method involves decanting liquid by inverting the plate as
above, but a multichannel pipettor is used to carefully transfer 200 pl
wash solution (dH,0) to each well. Sufficient care must be taken when
pipetting liquid into the wells to avoid disrupting the structure of the
biofilm. We have found that it is best to tilt the assay plate and touch
the side of the wells with the pipet tips while pipetting slowly so the
liquid flows down side of well. The wash solution can be decanted as
described above. Alternatively, wash solutions can be removed using a
multichannel pipet while taking care to avoid disrupting the biofilm.
Major sources of variability are pipetting strength and decanting.

The wash solution and method may be varied depending on the assay
endpoint. For example, if you need to measure the number of viable
cells in each well or if you need to culture bacteria from biofilms, then
a sterile buffer, such as phosphate-buffered saline (PBS), Tris-buffered
saline (TBS), or 0.9% saline, should be used to wash non-adherent
cells from the biofilm cultures.

Fixing biofilms. To fix adherent cells prior to staining, incubate washed plates at
60 °C for at least 60 min. This step reduces variability caused by loss of biofilm
during the staining process. In our experience, heat fixation is the most reliable
method. Staining time is quicker with this method

Alternative fixation methods. If a suitable incubator is not available, robust
biofilms can be fixed by the addition of 50 pl 95% ethanol to each well followed
by incubation for 30 min. Decant ethanol after fixation and air-dry plates.
Because this fixation method can dislodge the biofilms of some strains (e.g. S.
aureus), it must be tested on each strain prior to use. In addition, biofilms fixed
with ethanol require increased staining times (see below). Althernatively,
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biofilm cells can be fixed by adding 150 pl/well of Bouin's fxative [0.5 g of
picric acid is solubilized in 37.5 ml of distilled water; 12.5 ml of 37% (v/v)
formaldehyde and 2.5 ml of concentrated acetic acid are added] for 15 min
(Mack et al., 2001). Fixed cells are washed once with PBS and stained as
described below.

Staining. Biofilms can be detected and quantified using various stains. For most
assays we find that staining with a 0.06% (w/v) solution of crystal violet
dissolved in dH,O as previously described (Christensen et al., 1995; Christensen
et al., 1985) produces excellent results. The amount of CV bound in each well is
proportional to the amount of biofilm. This stain is readily available and
inexpensive, and it can be evaluated visually, photographed, or quantified
spectrophotmetrically using a microtiter plate reader. To stain biofilms add 50 pl
0.06% crystal violet dissolved in dH,0 to each well and allow at least 5 minutes
for staining if biofilms were heat-fixed (60 °C). If biofilms were fixed with 95%
ethanol, allow staining to proceed for at least 60 min. After the staining reaction
has been completed, remove excess stain by repeated washing (3—4 washes)
with dH»0 as described above. The wash solution should be clear after final last
washing step.

Quantification. The amount of crystal violet bound in each well can be directly
quantified spectrophotometrically by measuring the ODggg Using an appropriate
microplate reader (e.g. Molecular Devices).

Most plate readers measure absorbance in a small area of the assay well.
Therefore, the results obtained using this method will be affected when the
integrity of the stained biofilms has been disrupted. In addition, this method will
not measure biofilms that may form on the sides of the assay well.

Alternatively, the crystal violet can be eluted from stained biofilms by adding
200 pl 30% acetic acid to each well, transferring the eluted dye to a fresh assay
plate, and measuring the ODgqg. Calculate average ODgqg values and standard
deviation for replicate wells. This method yields results that are more
quantitative than those obtained by directly measuring ODgqq of crystal violet
bound to the bottom of the well. If ODggq readings are = 2.5 (see Fig. 3), then
dilute eluted crystal violet 1:10 in 30% acetic acid (add 20 pl CV to 180 pl 30%
acetic acid) and measure ODgqg. Multiply readings by a factor of 10 to obtain
the actual ODggg values. This method has the advantage that it measures the
amount of crystal violet bound to the entire well, and not just the middle of the
well. One disadvantage of this method is that it adds 1-2 more steps to the
process and uses 1-2 additional microtiter assay plates, making it less practical
for high-throughput screens (see below).

Representative results of this assay using the strains listed in Table 1 are shown
in Figure 2.

Alternate Protocol 1. Biofilm formation on alternative surfaces, such as
medical grade materials

Several medical grade materials, such as silicone or polyurethane, can be purchased in the
form of sheeting of various thicknesses. Biofilm formation on these alternative surfaces can
be measured by introducing some slight modifications to Basic Protocol 1 as described by
Shanks et al. (Shanks et al., 2005).

Curr Protoc Pharmacol. Author manuscript; available in PMC 2012 February 5.
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Same as Basic Protocol 1, plus:

Silicone sheeting, 0.03” thick (Cardiovascular Instrument Corp, Wakefield, MA)

Polyurethane sheeting (Pellethane 55-D, Specialty Silicone Fabricators, Inc., Paso
Robles, CA)

#5 cork borer

24-well assay plate (Costar 3526)

Silicone sealant (e.g. Silicone 11, GE Sealants and Adhesives, Huntersville, NC)

Forceps and alcohol for sterilization.

1.

10.
11.

12.

Cut disks from sheets of non-reinforced medical grade silicone or polyurethane
sheeting using a #5 cork borer (~1 cm diameter).

Sterilize disks using an autoclave.

Attach disks to the bottoms of the wells of a 24-well assay plate (Costar 3526)
using silicone sealant (see Fig. 2).

Dispense a small amount of sealant (~100 pl) onto the bottom of the well. Carefully
lay a sterile disk on the sealant using forceps that have been sterilized with alcohol
and flamed (There should be 1-2 mm space between the disk and the side of the
well. If this is not the case, cut smaller disks). Press the disk toward the bottom of
the well to evenly distribute the sealant under the disk. Allow the sealant to cure for
at least the minimum time recommended by the manufacturer.

Prepare bacterial inocula as described in Basic Protocol 1. You will need 2 ml
inocula/assay well.

Inoculate each well with 2 ml and cover the assay plate with the supplied by the
manufacturer.

Incubate the assay plates for approximately 18 h at 37 °C.

Remove media and non-adherent cells by repeated manual washing with water
using the “dunking” method or by adding and removing wash solutions with a pipet
(see basic protocol 1).

Fix adherent cells (biofilms) by heating at 60 °C for 60 min.
Stain the fixed biofilms with 200 ul of 0.06% crystal violet as described above.
Remove excess CV by repeated washing using the dunking method.

To elute the crystal violet, each stained disk must be removed from the bottom of
the assay well and transferred to a separate tube. We routinely use 2 ml
microcentrifuge tubes for this purpose, however, it is important to ensure that the
stained surface is facing the interior of the tube. Add 1 ml 30% acetic acid to each
tube, close the tube and vortex.

Transfer eluted crystal violet to 4 separate wells (200 pl/well) of a 96-well assay
plate and measure the optical density at 600 nm (ODggg) was measured using a
microtiter plate reader. Determined the average and standard deviation of the
ODgqg values obtained for each disk.

Curr Protoc Pharmacol. Author manuscript; available in PMC 2012 February 5.
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Basic Protocol 2. Optimizing assay conditions

Materials

Here we describe two experiments designed to optimize two important parameters of the
biofilms formation assay: 1) the amount of time for growth of the biofilm cultures, 2) the
media conditions that results in robust growth that is within the linear range of detection of
the assay set up. Both of these parameters can have profound effects on the outcome of this
assay. As you will see, biofilm cultures follow the same pattern of growth phases as do
planktonic cultures i.e. a lag phase, an exponential growth phase, and stationary phase. In
addition, the biofilm structure in static biofilm cultures begins to fall apart after nutrients
have been depleted, resulting in an apparent decrease in biofilm formation. Therefore, it is
critical to identify and standardize the time of growth required to reach the desired growth
phase. Finally, if the assay is to be used to screen for biofilm-defective mutants or treatments
that inhibit biofilm formation, it is advisable to optimize the biofilm growth media to ensure
that the amount of crystal violet staining is within the linear range of detection of your
microplate reader. This will increase the sensitivity of the screen and the likelihood of
identifying mutants or treatments that produce subtle defects in biofilm formation.

Same as Basic Protocol 1

Biofilm growth curve to optimize time of growth

A simple biofilm growth curve can be carried out to identify the optimal time of growth for
your biofilm assay. The biofilm growth curve is conceptually identical to a classic
planktonic growth curve analysis, except biofilm growth will be measured using the
detection method described above. A representative biofilm growth curve is shown in Fig.
3A. Because the biofilm cultures are killed by the detection method, several identical assay
plates must be set up, and one plate will be used for each time point that will be analyzed.

1. Prepare inocula of the strain(s) of interest as described in Basic protocol 1.

2. Transfer 200 pl of the inoculum to the assay wells of several sterile 96-well assay
plates as described in Basic protocol 1. Several strains and/or media conditions (3-
4) can be analyzed in the same assay. Because the biofilm cultures will be killed by
the detection method, inoculate one plate for each time point of the biofilm growth
curve. It is not necessary to inoculate the entire plate. We recommend that you
inoculate 24-48 wells/plate/strain, or 3—-6 columns of a 96-well assay plate. If you
measure biofilm formation at 9 time points (see below), you will need a total of 9
assay plates.

We recommend measuring biofilm growth at the following time points: 0, 2, 4, 6, 8,
12, 16, 20, and 24 h.

By inoculating = 24 wells/plate, the number of data points will ensure the average
values obtained will be less susceptible to large errors caused by well-to-well and
plate-to-plate variations.

S. aureus forms a mature biofilm in 12-16 h in 0.5X TSB supplemented with 1%
glucose (see Fig 3).

3. Cover assay plates and place all assay plates in an incubator set at 37 °C as
described above.

4. Immediately remove one plate (t = 0 h), and process it as described in basic
Protocol 1: Measure OD600, wash the plate, fix, and stain biofilms with crystal
violet.

Curr Protoc Pharmacol. Author manuscript; available in PMC 2012 February 5.
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Repeat this process for the remaining time points of the biofilm growth curve.
Read the ODg of the stained biofilms using an appropriate microtiter plate reader.

Calculate the average ODggg of crystal violet bound and the standard deviation for
each time point.

Plot the average ODggg of crystal violet bound vs. time of biofilm growth.

Identify optimal time of growth for the assay. Based on the results shown in Fig.
3A, we measure biofilm growth after 16-18 h growth at 37 °C in 0.5X TSB
supplemented with 1% glucose.

Optimization of media conditions

We have found that the amount of biofilm formed is directly proportional to the
concentration of media when the concentration of glucose is held constant. For example,
when various concentrations of TSB are supplemented with 1% glucose biofilm formation is
proportional to the concentration of TSB. To produce a series of TSB concentrations, we
have found that it is convenient to generate a two-fold dilution series of TSB and
supplement each dilution with glucose to the desired concentration. The amount of biofilm
formed in each media condition can then be measured using the standard biofilm assay
described above. The optimal media condition is defined as the media that produces robust
biofilm growth that is within the linear range of detection of your microtiter plate reader.

1.

© ®© N o

11.

Generate a two-fold dilution series of TSB (1X to 0.0078X). Add 10 ml 1X TSB to
10 ml sterile dH,O in a sterile tube or flask and mixing thoroughly. Remove 10 ml
of the resulting 20 ml 0.5X TSB media and to 10 ml sterile dH,O, resulting in 20
ml of 0.25X TSB. Perform five more 2-fold serial dilutions to generate TSB
concentrations ranging from 1X to 0.0078X.

Supplement each TSB dilution with glucose to the desired concentration using
Table 2 as a guide.

Prepare inoculum of desired strain in each of the media conditions you have made
as described above.

Inoculate assay plates as described above. Inoculate 8 assay wells (1 column) of a
96-well assay plate.

Incubate assay plates at 37 °C for 16—18 h, or the optimal time of growth as
determined above.

Measure the ODgqg to quantify total growth.
Process assay plates as described above.
Read the ODgq of the stained biofilms using an appropriate microtiter plate reader.

Calculate the average ODggg of crystal violet bound and the standard deviation for
each time point.

. Plot the average ODgqq of crystal violet bound for each glucose concentration vs.

TSB concentration. A representative assay result is presented in Fig. 3B.
Identify optimal media conditions.

Based on the results shown in Fig. 3B, we routinely use 0.5X TSB supplemented
with 1% glucose for biofilm assays. This media condition produces ODggq readings
of stained biofilms that are at the upper-most limit of the linear range of detection
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for both detection methods tested i.e. direct ODggg measurement of crystal violet
bound to the well and measurement of eluted crystal violet.

Basic Protocol 3. A Screening assay for mutants or compounds that inhibit
biofilm formation

Materials

Same as Basic Protocol 1, plus:

96-pin replicator

Library of transposon-insertion mutants stored in 96-well plates
Library of small molecules stored in 96-well plates

Dimethyl Sulfoxide (DMSO)

1. For compound screening,

a. Prepare an appropriate amount of inoculum as described above. You will
need approximately 20 ml inoculum/assay plate.

b. Plate set up. Add test compounds to wells in columns 2-11 of a flat-
bottomed tissue culture-treated 96-well assay plates (Costar 3595, Corning
Life Sciences). Each of the assay wells in columns 2-11 will contain a
unique small molecule from the screening library (MSL). The compounds
in most screening libraries are stored in DMSO. Add 2-8 pl compounds to
each assay well to achieve the desired concentration. We screen
compounds at concentrations ranging from 50-100 pM.

Generally, the assay will tolerate concentrations of DMSO up to 4%;
however, it is important to confirm that biofilm formation is not affected
by DMSO using the assay described in Basic Protocol 1.

c. Ineach assay plate, columns 1 and 12 will contain control cultures, which
will serve as negative (0% biofilm inhibition) and positive controls (100%
biofilm inhibition), respectively. The negative control wells contain the
assay strain treated with the same concentration of DMSO present in the
assay wells. The positive control wells will contain either uninoculated
media, or the assay strain treated with an antibiotic that will result in
complete inhibition of growth making sure that all wells contain the same
final concentration of DMSO.

For high-throughput screening we find that it is more practical to use an
antibiotic that completely inhibits growth as the positive control because
of the likelihood of cross-contamination of any uninoculated wells during
the inoculation process. Chloramphenicol (100 pg/ml) is an antibiotic that
can be used for all of the listed in Table 1.

d. Inoculate assay plates with 200 pl/well of the assay strain diluted in the
optimal medium as described above.

Screening results obtained using S. epidermidis 18972 and a mock
screening plate are presented in Fig. 5A. The mock screening plate
contained nine compounds that are inhibitors of biofilm formation and two
antibiotics (see Fig. 5D), and the remainder of the wells in columns 2-11
contained DMSO. Columns 1 and 12 contain the 0% INH (DMSO only)
and 100% INH (100 pg chloramphenicol/ml; Cm100) controls,
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respectively. The ODggq values obtained for the planktonic cultures and
for crystal violet bound to biofilms are shown in Fig. 5B and 5C,
respectively. Compounds that produced > 40% inhibition planktonic
growth or > 80% biofilm growth inhibition are highlighted in Fig 5B and
5C, respectively. Eight of the compounds that produced % biofilm
inhibition >80% and % planktonic growth inhibition < 40% were
analyzed in a dose response assay (see below). Seven of the antibiofilm
compounds used in the mock screening plate were identified previously in
a pilot screen using a compound library comprised of 2000 known
bioactive chemicals (Spectrum library; MicroSource Discovery Systems,
Gaylordsville, CT). MBX-1240 and MBX-1246 were identified in screen
of compounds purchased from Chembridge Corp. (San Diego, CA)
(Opperman et al., 2009)

For mutant screening:
a. Transfer 200 pl media to each assay well.

b. Plate set up. Inoculate columns 2-11 of a flat-bottomed tissue culture-
treated 96-well assay plates (Costar 3595, Corning Life Sciences) with
mutant cultures. Inoculate columns 1 and 12 with control cultures, which
will serve as negative (0% biofilm inhibition) and positive controls (100%
biofilm inhibition), respectively. The negative control wells contain the
wild-type strain and the positive control wells contain a biofilm-negative
strain (either a different strain or an isogenic biofilm-defective mutant).

c. Inoculate plates from a frozen mutant library stored as glycerol stocks in
96-well storage plates using a 96-pin replicator. Sterilize the 96-pin
replicator by dipping the pins in 95% ethanol and then flaming it. Press the
pins into the frozen cultures, transfer to the assay plate, and move pins up
and down to mix.

Seal the assay plates with foil tape or plate lids and incubate them at 37°C for the
optimal time as determined above.

Process assay plates as described above.

Calculate the percent inhibition of overall growth (% INH-Growth) caused by each
compound was calculated using the formula: (1-(ODggg (compound)/average

ODg00 (negative controty)) % 100.

Calculate the percent inhibition of biofilm growth produced by each compound was
calculated using the formula: (1-(CV ODgqo (compound)/average CV

ODg00 (negative control))) X 100.

Compounds or mutants that produced >80% biofilm inhibition and <40% overall
growth inhibition were scored as primary hits.

Retest primary hits in triplicate using the assay described above. Primary hits that
produce an average biofilm inhibition of >80% and overall growth inhibition of
<40% are scored as confirmed hits.

Basic Protocol 4. A quantitative assay for anti-biofilm activity: the Minimal
Biofilm Inhibitory Concentration (MBIC) assay

The biofilm assay described above can be used as a quantitative assay for anti-biofilm
activity of chemical treatments that is conceptually similar to the microbroth dilution assay
described in the CLSI document M7-A7 (CLSI, 2006) with several modifications (described
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below). While the microbroth dilution assay is used to measure the minimal inhibitory
concentration (MIC) an antibacterial compound, this assay measures the Minimal Biofilm
Inhibitory Concentration (MBIC, which is defined as concentration of a compound in a
serial two-fold dilution series that inhibits biofilm formation by >80% as compared to an
untreated control.

Same as Basic Protocol 1, plus:
Dimethyl sulfoxide (DMSO)

1.

10.

11.

Prepare a two-fold dilution series of each compound consisting of 10 compound
concentrations (e.g. final concentration range: 0.2-100 uM).

The compound dilutions can be prepared by serially diluting each compound 2-fold
in DMSO at concentrations that were 50-fold greater than the final concentration
(e.g. 10-5000 puM).

Add 4 ul of each compound dilution in the dilution series and DMSO only to the
assay wells for the untreated controls. The final concentration of DMSO in each
well will be 2%.

We have found that the biofilm assay is unaffected by DMSO concentrations up to
4%.

It is convenient to add a dilution series and the untreated control for a single
compound to one row (12 wells) of a 96-well assay plate.

Inoculate each assay plate containing compound dilution series with 200 pl of
bacterial culture as described above.

Cover the assay plates with adhesive foil lids (Costar 3904, Corning) and incubate
the plates for 18 h at 37 °C.

Measure the optical density at 600nm for each well was measured using a
multiplate reader to quantify overall bacterial growth.

Wash, fix, and stain assay plates as described above.

Measure the optical density at 600nm for each well was measured using a
multiplate reader to quantify bacterial growth.

Calculate the percent inhibition of overall growth (% INH-Growth) caused by each
compound was calculated using the formula: (1-(ODggo (compound)/average

ODg00 (negative control))) * 100.

Calculate the percent inhibition of biofilm growth produced by each compound was
calculated using the formula: (1-(CV ODgqg (compound)/ average CV

ODg00 (negative control))) * 100.

Determine the MIC for each compound by identifying the lowest compound
concentration that inhibited overall growth by > 80%.

Determine the MBIC for each compound by identifying the lowest compound
concentration that inhibited biofilm growth by > 80%. Alternatively, the MBIC can
be determined visually.

An example of a typical MBIC assay using eight of the anti-biofilm compounds
described above against S. epidermidis 18972 is shown in Fig. 6. The compounds
used in the assay, their chemical names and structures, and the MBIC and MIC
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values obtained in the assay are also shown in Fig. 6. These compounds are
commercially available from MicroSource Discovery Systems (. Alternatively, three
of these compounds (Tomatidine, Actinonin, and Emodin) can be purchased from
Sigma-Aldrich (St. Louis, MO).

Reagents and Solutions
Trytpic Soy Agar (TSA)

For Difco™ TSA (Becton, Dickenson and Co. (BD)), add 40 g premixed powderto 1 L
dH,0. Mix thoroughly. Dissolve the powder by heating the suspension with frequent mixing
until it is boiling. Continue boiling solution for 1 min. Autoclave to sterilize (15 min, 121°C,
liquid cycle). Alternatively, add 10-15 g Bacto Agar to 1 L TSB (see below), dissolve agar
by heating and autoclave to sterilize. Store at room temperature.

Trytpic Soy Broth (TSB)

For Bacto™ TSB (BD), add 30 g premixed powder to 1 L dH,0. Mix thoroughly.
Autoclave to sterilize (15 min, 121°C, liquid cycle). Autoclave this media for the minimal
time required for sterilization to prevent degradation of the glucose. Store at room
temperature.

Sterile 80% glycerol (v/v)

Add 80 ml glycerol to 20 ml dH,0. Mix well. Autoclave to sterilize (20 min, 121°C, liquid
cycle). Store at room temperature.

40% glucose

Add 40 g D-glucose to 100 ml dH,O. Filter sterilize (0.22 pm filter). Store at room
temperature

Phosphate Buffered Saline (PBS), pH 7.4 (Sambrook et al., 1989)

Dissolve the following in 800 ml of dH,0: 8 g NaCl, 0.2 g KCI, 1.44 g Na,HPOy, 0.27 g
KH,PO,4. Adjust the pH to 7.4 with HCI or NaOH. Adjust final volume to 1L by adding
dH,0. Autoclave to sterilize (20 min, 121°C, liquid cycle). Store at room temperature

0.9% (w/v) saline

Add 9 g NaCl to 1 L dH,0O. Autoclave (20 min, 121°C, liquid cycle) or filter sterilize (0.22
um filter). Store at room temperature.

0.06% crystal violet (w/v)
Add 0.6 g crystal violet to 1 L dH,0. Mix well. Store at room temperature.

Commentary

a. Background Information

The basic biofilm assay was designed to measure the ability of clinical strains to form
biofilms in microtiter assay plates using a dye (crystal violet) that binds to bacterial cells and
the extracellular matrix materials. The basic assay is simple to perform and requires minimal
equipment; however, it is very powerful and versatile. The basic assay has been adapted to
examine many aspects of bacterial biofilm biology. For example, the basic assay protocol
has been used to measure biofilm forming ability of clinical isolates (Chokr et al., 2006;
Rohde et al., 2001), examine effects of genetic mutations on biofilms [e.g. (Cramton et al.,
1999; Rice et al., 2007; Seidl et al., 2008)], the effect of environmental conditions on
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biofilm formation (Rachid et al., 2000a; Rachid et al., 2000b), to screen for transposon-
insertion mutations that affect biofilm formation (Mack et al., 1994; Tu Quoc et al., 2007),
and to screen for small molecule inhibitors of biofilm formation and to measure their anti-
biofilm activity (Opperman et al., 2009). In addition, the type of stain used can be varied to
measure different components of the biofilm. For example, the numbers of bacterial cells
can be measured using intercalating dyes that enter living cells, such as Syto 9. However,
these dyes will also bind to DNA in the extracellular biofilm matrix. This problem can be
solved by using propidium iodide stain together with syto 9, which does not enter viable
cells and will quench the fluorescence signal of syto9 bound to extracellular DNA when
emission at 530 nm is measured (excitation 485 nm). These dyes can be purchased together
in the BacLight Live/Dead kit (Molecular probes, Eugene, OR). Alternatively, propidium
iodide can be used to detect extracellular DNA in biofilms (Yarwood et al., 2004). Finally,
the fluorescent dye thioflavin T has been used to detect amyloid-like structures formed by
fimbrae in biofilms formed by diverse range of Gram-positive and —negative bacterial
species (Jordal et al., 2009; Larsen et al., 2007).

The advantages of this assay system are numerous. It is relatively inexpensive to perform,
rapid, quantitative, adaptable, and is readily scalable from small scale assays to high-
throughput screens. In addition, several studies have demonstrated that mutations that block
biofilm formation in the static microtiter assay also dramatically decrease colonization of
foreign body infections in animal models (Rupp et al., 2001; Rupp et al., 1999a; Rupp et al.,
1999b), which demonstrate the relevance of this assay system. However, the fact that these
assays are carried out under static conditions and biofilm cultures are not supplied with a
continuous supply of fresh nutrients is a potential drawback of this system, which may result
in an inability to generate mature biofilms or to perform experiments lasting more that 18—
20 h. In some cases, this drawback can be remedied by replacing the growth media every 12
h during the course of the experiment, enabling biofilms to continue growing until another
factor becomes limiting for growth. However, replacing growth media every 12 h becomes
impractical for large numbers of assay plates or for labs that have limited hours of operation.
Another drawback of this assay is that it is designed to measure biofilm formation and is not
suited for measuring effects of compounds/mutations on the viability of biofilm bacteria, as
the crystal violet stain measures total biomass (cells and extracellular matrix) and not
numbers of viable cells. However, the microtiter format can be adapted for this purpose by
using detection methods that quantify viable cells. We have routinely used the BacLight
Live/Dead stain (Molecular probes, Eugene, OR) according to the manufacturers’
instructions to measure the relative viability of mature biofilms treated with antibiotics
compared to an untreated control. Other research groups have measured ATP levels
(Monzon et al., 2001) or have used tetrazolium dyes (Pitts et al., 2003) to measure the
relative viability of mature biofilms after various treatments.

It is important to establish a secondary assay or biofilm detection method to confirm the
results obtained using the microtiter assay and crystal violet staining. For example, a flow
cell system used in conjunction with confocal microscopy could be used to verify biofilm-
defective phenotypes of mutants. An alternative biofilm detection method, such as Baclight
Live/Dead or determination of viable cfu/well could be used to verify the anti-biofilm
effects of small molecule compounds.

b. Critical Parameters and Troubleshooting

The critical parameters for this assay are as follows:

1. Standardization of media, preparation of inocula, and incubation time. Variations in
these parameters can result in variable results.
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2. Assay plates. Variations in tissue culture treated assay plates between
manufacturers and between different lots from the same manufacturer can affect
results. Attempt to use assay plates from the same manufacturers’ lot for an entire
series of experiments.

3. Because of well-to-well variability, assay at least 4 replicate wells for a given strain
and/or condition. For high-throughput screens, confirm each hit in triplicate.

4. Because of plate-to-plate variability, include positive and negative controls on each
plate. A list of some of the difficulties commonly encountered with the techniques
described in this unit, their possible cause, and potential solution is shown in Table
3.

c. Anticipated Results

Representative results for the basic assay, assay optimization, and the MBIC assay are
presented in Figs. 2, 4 and 5, respectively.

d. Time Considerations

The basic assay can be completed in two days, including growth of the overnight culture,
preparation of inocula, and inoculating, incubating, staining and quantifying assay plates.
However, the amount of time required for setting up and processing assay plates increases
dramatically as the number of plates and/or the number of conditions to be tested is
increased. The use of multichannel pipets and/or laboratory automation can reduce the time
required for these processes.
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Figure 1.

Streaking bacteria on solid agar to obtain single, well-isolated colonies. A) Streaking plates.
Plates can be streaked using a standard wire inoculating loop, a disposable plastic loop, a
toothpick, or a long “picking stick”. The wire loop can be sterilized in a flame, but it must be
cooled by touching the agar surface prior to making contact with bacteria. Single colonies
can be isolated by repeated streaking as illustrated in the figure. B) An example of the
results obtained using this method. Single, well-isolated colonies are indicated.
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Figure 2.

Results of a biofilm assay using the strains listed in Table 1 demonstrates the range of
phenotypes of individual strains and the stimulatory effect of glucose. Biofilm cultures were
grown in 0.5X TSB supplemented with 0.25% or 1% glucose (gluc) at 37 °C for 18 h. A)
Photographs of two representative rows from each tissue culture treated 96-well assay that
was stained with crystal violet. B) The amount of crystal violet bound was quantified by
measuring absorbance at 600 nm and plotted for each strain. Each bar represents the average
of 8 individual assay wells, and the error bars represent the standard deviation.
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Setting up assay plates for biofilm formation on alternative substrates

)

tweezers

Curr Protoc Pharmacol. Author manuscript; available in PMC 2012 February 5.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kwasny and Opperman Page 21

A

Absorbance at 600 nm

3

2.5

0.5

B ——1% gluc —&—0.5% gluc —&—0.25%gluc
—0—1% gluc-elute  —8—0.5% gluc-elute —A—0.25% gluc-elute
5
]-/_‘L\ 4

Absorbance at 600 nm

0 - ‘
0 0.2 0.4 0.6 0.8
an 4 SB] (fold
4 8 12 16 20 24 [TSBI( )
Time (h) C —&— 1% glucose-neat —#—0.5% glucose-neat
—6— 1% gluc-dilute —5—0.5% gluc-dilute
5
£
S 4 -
=]
o
w ——
s 3
[
2
g *
@
2 1-
<
o} ‘ , ‘
0 0.2 0.4 0.6 0.8
[TSB] (fold)
Figure 4.

Optimization of assay conditions. A) A biofilm growth curve of S. aureus ATCC 35556
grown in 0.5X TSB supplemented with 1% glucose. B) Biofilms were grown in varying
media conditions to identify optimal growth conditions and two methods of biofilm
detection are compared. Biofilms were grown at 37 °C for 18 h. Biofilms were stained as
described above and the amount of crystal violet bound to the bottom of each assay well was
measured directly as absorbance at 600 nm, or crystal violet was eluted from each well,
diluted 1:10, and the absorbance at 600 nm was measured. C) Comparison of absorbance at
600 nm readings of neat vs. a 1:10 dilution of eluted crystal violet demonstrates the linear
range of the assay.
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Figure 5.
An example of the screening results obtained using S. epidermidis 18972 and a mock
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H 10  |MBX-1240 HIT
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screening plate. A) A photograph of the crystal violet stained mock screening plate that
contained nine compounds that are inhibitors of biofilm formation and two antibiotics. The
remainder of the wells in columns 2-11 contained DMSO. Columns 1 and 12 contain the
0% INH (DMSO only) and 100% INH (100 pg chloramphenicol/ml; Cm100) controls,

respectively. The wells containing anti-biofilm and antibacterial compounds exhibited
significant reductions in the intensity of crystal violet staining. B) The ODgqg values

obtained for the planktonic cultures. Compounds that produced > 40% inhibition planktonic
growth are highlighted in orange. The compound in well number C07, highlighted in blue,
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produced an OD600 of 2.64, which is significantly higher than those produced by the 0%
INH (DMSO only) controls. This well contained gentian violet, an intensely colored
compound that absorbs light at 600 nm. Beware of colored compounds that absorb at 600
nm, as they can mask antibacterial activity. C) The ODgqq values obtained for the crystal
violet stained biofilm cultures. Compounds that produced > 80% inhibition planktonic
growth are highlighted in orange. D) A table listing the compounds used in the mock
screening plate, their location on the plate (row, column), and the screening call (HIT or
antibacterial). A compound that produced % >80% biofilm inhibition and < 40% planktonic
growth inhibition were designated anti-biofilm “HITS”. Compounds that produced > 40%
planktonic growth inhibition were designated as “Antibacterial” compounds. Seven of the
antibiofilm compounds used in the mock screening plate were identified previously in a pilot
screen using a compound library comprised of 2000 known bioactive chemicals (Spectrum
library; MicroSource Discovery Systems, Gaylordsville, CT). MBX-1240 and MBX-1246
were identified in screen of compounds purchased from Chembridge Corp. (San Diego, CA)
(Opperman et al., 2009)

Curr Protoc Pharmacol. Author manuscript; available in PMC 2012 February 5.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kwasny and Opperman Page 24

Compound
00 NO O A WON =

D
N+

KL

[Inhibitor] (M)

|,
g

g J O
- . ge \N N/

1) Tomatidine HCI

= |
MBIC = 12.5 uM 2) Gentian Violet
MIC = 100 pM MBIC = 1.56 uM
MIC = 1.56 M

C JJ OH O OH
O‘O N

3) Actlnonln

|
L
I
(o]
ANTIL
/Sj,

MBIC = 1.56 pM 4) Emodm
MIC =100 pM MBIC = 12.5 yM
MIC 2 100 uM

OH )—LO'O
7) Oxiconazole

5) Scandenin Diacetate 6) Atranorin m%c_ Z: .2|\5I| LM :A)BIIVCI:B};;Z;O M

MBIC = 25 uM MBIC 2 100 uM Bl MIC = 100, N‘I‘

MIC 2 100 pM MIC 2 100 uM =R
Figure 6.

An example of a Minimal Biofilm Inhibitory Concentration (MBIC) assay for eight anti-
biofilm compounds that were tested against S. epidermidis 18972. The assay plate in which
biofilm cultures have been stained with crystal violet is shown in the photograph. The
concentrations of each compound tested are indicated above the plate, and the compound
tested in each row is indicated on the left side of the plate. The MBIC and MIC are defined
as the lowest compound concentration that produces a > 80% inhibition of biofilm growth or
planktonic growth, respectively. The compounds used in this assay (Compounds 1-8), their
chemical names and structures, and the MBIC and MIC values obtained as a result of the
assay are also shown. Note that Gentian violet produced an MIC that was equal to the
MBIC. Because this compound strongly absorbs light at 600 nm, the antibacterial activity of
this compound became apparent only when it was diluted in the dose response assay. The
compounds used in this assay are commercially available from MicroSource Discovery
Systems, Gaylordsville, CT). Alternatively, three of these compounds (Tomatidine,
Actinonin, and Emodin) can be purchased from Sigma-Aldrich (St. Louis, MO). MBX-1240
can be purchased from ChemBridge Corp. (San Diego, CA).
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Table 1

Biofilm-forming staphylococcal and enterococcal strains.
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Species Strain Description Source/Reference
S. aureus ATCC 35556 (SA113) Lab strain. Biofilm proficient ATCC (lordanescu and Surdeanu,
1976)
NCTC 8325 (ATCC 12600, Lab strain. Biofilm proficient. Parent of SA113 ATCC or NARSA (Novick, 1967)
NRS-77)

UAMS-1 (ATCC 49230)
MW?2 (NRS-123)
ATCC 25923

S. epidermidis  ATCC 35984 (RP62A)
1457
0-47
18972

ATCC 14990

ATCC 12228
E. faecalis ATCC 51299
ATCC 29212

Clinical isolate. Biofilm proficient
MRSA

Reference strain. Biofilm negative
Clinical isolate. Biofilm proficient
Clinical isolate. Biofilm proficient
Clinical isolate. Biofilm proficient

Clinical isolate. Biofilm proficient

Reference strain. Biofilm deficient, but is biofilm
proficient under oxygen limited conditions.

Reference strain. Biofilm negative.
VRE. Biofilm proficient

Reference strain. Biofilm proficient

ATCC (Gillaspy et al., 1995)
NARSA (Baba et al., 2002)
ATCC

ATCC (Christensen et al., 1982)
(Mack et al., 1992)

(Heilmann et al., 1996)

Oscient Pharmaceuticals, Waltham,

ATCC

ATCC
ATCC
ATCC

Abbreviations: ATCC, American Type Culture Collection (Manassas, VA); NARSA; Network on Antibiotic Resistance in Staphylococcus aureus
(Chantilly, VA); MRSA, Methicillin Resistant Staphylococcus aureus; VRE, Vancomycin Resistant Enterococcus.
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Optimizing media conditions by varying the concentrations of media (TSB) and glucose.

pl 40% glucose/10 ml media for:

[TSB] 1% gluc  0.5%gluc  0.25% gluc
1x 187 62 0
0.5x 219 94 31
0.25% 234 109 47
0.125x% 242 117 55
0.0625x% 246 121 58
0.0312x 248 123 60
0.0156x% 249 124 62
0.0078x 249 124 62
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Table 3

Critical parameters and troubleshooting.
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Problem

Possible Cause

Solution

Poor or no Biofilm forms on bottom of plate

Plates are not tissue-culture treated

Medium may not be adjusted with
optimal glucose concentration

Bad plate lot

Incubation period too long, biofilms
falling apart

Use tissue-culture treated plates

Repeat with medium that is properly adjusted
with glucose

Try a different lot from the same manufacturer, or
a different manufacturer

Optimize length of incubation

Biofilms robust after washing, fall apart with
the addition of ethanol

Heat fixation may be required

Heat fix biofilms at 60 °C for at least 60 min

Biofilms robust after heat fixation, mostly
gone after staining step

Not heat-fixed long enough

Stain incubated in wells too long

Increase time for heat fixation

Decrease staining time

Large hole taken out of biofilms when
washed with a plate washer

Aspiration tips may be too low in well,
or aspiration rate too high

Raise height of aspiration tips, or decrease the
rate of aspiration

Decrease number of aspiration steps

Biofilms on edges of the plate are less dense
than biofilms on the interior of the plate

Possible edge effect taking place,
incubation parameters not consistent
across entire plate

May require an incubation atmosphere that will
allow entire plate to grow at the same rate; i.e.,
anaerobic conditions
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