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Preface

Starting from the late 1970s, the biofilm’s pioneers Bill Costerton and Niels Hoiby have
provided significant information on the ability of microorganisms to stick on biotic and
abiotic surfaces and to build communities of cells closely interacting with each other within
a self-produced exopolysaccharide matrix. However, only since the early 1990s it has been
possible to observe, by a confocal laser scanning microscope, living biofilms of Pseudomonas
aeruginosa, Pseudomonas fluovescens, and Vibrio parahaemolyticus, stained with viable fluo-
rescent probes. Biofilms were found to be highly hydrated open structures constituted of
73 to 98 % of extracellular substances and large void spaces allowing the circulation of
nutrients and signaling molecules and the removal of microbial catabolites. Thus, the so-
called mushroom model was proposed to schematically represent the tridimensional struc-
ture of these microbial communities, the dynamics of their sessile growth, and the main
interactions among the cells and the surrounding environment.

This novel view of the microbial world has led us in the last decades to the conscious-
ness of the predominance of biofilms not only in natural or engineered ecosystems but also
in the human body. As biofilms in the different niches are concerned, a new awareness has
been acquired on the pivotal role that these sessile-growing communities of microorgan-
isms play in a number of environmental processes: from the biofouling to the biocorrosion
of the pipelines of concrete wastewater pipes, to the clogging of the pipelines in the dairy
industry, to the deterioration of stones, frescoes, paintings, books, and other ancient
remains. And again, the understanding that most of the chronic infections in humans,
including the oral, lung, vaginal, and foreign body-associated infections, are biofilm-based,
has prompted the need to design new and properly focused preventive and therapeutic
strategies for these diseases. In this framework, the consensus conference organized in 2013
by Niels Hoiby under the umbrella of the Study Group for Biofilms of the European Society
of Clinical Microbiology and Infectious Diseases (ESCMID) deserves to be mentioned.
The objective of this initiative, made possible by the active contribution of a selected num-
ber of scientists working on biofilms of medical interest, has been to draft the “ESCMID
guidelines for the diagnosis and treatment of biofilm infections” to be published early in
2014. Of course, the detailed description of most of the better established and validated
experimental procedures to investigate microbial biofilms contained in the present book
will be of paramount importance for all of those involved in the practical application of the
abovementioned guidelines.

In fact, most of the currently available methods and protocols to investigate bacterial
and fungal biofilms have been exhaustively illustrated and critically annotated in the 25
chapters by authors well known for their relevant experience in the respective fields. The
book has joined together microbiologists and specialists in infectious diseases, hygiene, and
public health involved in exploring different aspects of microbial biofilms as well as in
designing new methods and /or developing innovative laboratory protocols. Chapters have
been subgrouped by dividing the experimental approaches suitable for studying biofilms in
health and disease from those more appropriate to assay antibiofilm compounds or evaluate
antimicrobial strategies and from those regarding the application of methods to detect
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biofilms growing in the environment or affecting manufacturing plants. In the whole, readers
will have at their disposal a precious working tool to perform experiments focused on both
the structural and functional properties of single- and multi-species biofilms as well as their
response to matrix-dissolving agents, biocides, sanitizers, and antimicrobial molecules. In
this regard, advanced techniques such as the multiplex fluorescence in situ hybridization
and the chip calorimetry, and innovative antibiofilm strategies as the photodynamic therapy
or the bacteriophage attack, are described. Microbiological methods for in vitro screening
of bacterial biofilm inhibitors and antifungal compounds are also detailed. Researchers
interested in methods based on in vitro or in vivo biofilm observations, in static or dynamic
conditions, by fluorescence, confocal, and scanning electron microscopy, will find in this
book all the relative information provided by expert guides, each chapter being rich of use-
ful practical suggestions and warnings. Specific chapters also deal with the most advanced
animal models, including the nonmammalian ones, to investigate bacterial and fungal bio-
films. Other contributions of particular interest are those related to assay protocols for
staphylococcal and enterococcal quorum sensing systems, to study the pharmacokinetics
and pharmacodynamics of antibiotics in biofilm-related infections, and to evaluate the effi-
cacy of antibiotic-loaded polymers and polymeric nanoparticles.

I am sure that all the “biofilm’s lovers” will enjoy this book.

Rome, Italy Gianfranco Donelli
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Chapter 1

Methods for Dynamic Investigations of Surface-Attached
In Vitro Bacterial and Fungal Biofilms

Claus Sternberg, Thomas Bjarnsholt, and Mark Shirtliff

Abstract

Three dynamic models for the investigation of in vitro biofilm formation are described in this chapter.
In the 6-well plate assay presented here, the placing of the plate on a rotating platform provides shear,
thereby making the system dynamic with respect to the static microtiter assay.

The second reported model, especially suitable for harvesting high amounts of cells for transcriptomic
or proteomic investigations, is based on numerous glass beads placed in a flask incubated with shaking on
a rotating platform, thus increasing the surface area for biofilm formation. Finally, the flow-cell system,
that is the driving model for elucidating the biofilm-forming process in vitro as well as the biofilm tolerance
towards antibiotics and host defense components, is illustrated here.

Key words 6-Well plate assay, Glass beads, Flow-cell system, Confocal laser scanning microscopy

1 Introduction

Surface-attached biofilms can be studied using many different
experimental setups. In this chapter we have chosen to describe
three dynamic models for in vitro biofilm formation. All have
advantages and disadvantages depending on the experiment and
the desired outcome.

The first model is based on 6-well microtiter plates. Microtiter
biofilm model was originally a static assay that was developed to
study the ability of coagulase-negative staphylococci to adhere to
surfaces [1]. At present time two versions of high-throughput screen-
ing, static microtiter plate assays exist, one where the biofilm is
formed in the wells of the plate [2] and the Calgary Biofilm Device
[3], which are 96 (or more) pegs which fits into microtiter plates.
These assays can be used to test for biomass buildup, by staining the
biomass using crystal violet. Crystal violet staining on the other hand
does not discriminate between live and dead bacteria. To test whether
the bacteria are being killed in these assays, the bacteria needs to be
plated for CFU. These static assays are typically used for screening

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_1, © Springer Science+Business Media New York 2014
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numerous mutants for biofilm forming capacity [4] or for the first
screening of antibiofilm drugs both in terms of killing and dispersal
[5]. The 6-well plate assays we present here are still very easy to use
and control; however, the embedded cover slip can be removed and
examined by microscopy, and placing the plate on a rotating plat-
form provides shear, thereby making the system more dynamic. This
is an advantage when investigating more than just biomass buildup.
The second model we present is based on numerous glass beads in a
flask incubated with shaking on a rotating platform. This increases
the surface area for biofilm formation but still has the dynamic shear
torces. This is especially important for harvesting high amounts of
cells for transcriptomic or proteomic investigations.

To study biofilm development in real time and the different
stages of formation and behavior of flow-cell systems [6], colony
biofilms [7], drip flow reactors [8], or rotating disk reactors [9]
can be used. The flow-cell system which we describe here was
developed and described by Christensen et al. [6] and was based
on the system described by Wolfaardt et al. [10]. The bacteria grow
in small channels with a glass surface through which the biofilm
can be monitored noninvasively and continuously using confocal
laser scanning microscopy (CLSM). The flow-cell system has been
the driving model system for elucidating biofilm-forming process
[11-14] in vitro and the biofilm tolerance towards antibiotics [15,
16] and host defense components [15, 17-19]. The flow-cell sys-
tem is superior for direct and noninvasive biofilm investigations;
however, the price is that the number of samples to be tested in
each experiment is limited and the method is time consuming
compared to the microtiter assay.

The three methods we describe in this chapter can preferably
be used in combination. The easier and fairly high-throughput
6-well method can be used to identify mutants, growth conditions,
antibiofilm drugs of interest, or lead candidates from large libraries
or collections. The bead method serves as a basis for much biofilm
and subsequently transcriptomic and proteomic elaborations.
The properties of biofilm formation gained in these two models
can then be investigated in the flow cells.

2 Materials

2.1 Six-Well
Microbial Biofilm
Growth with Shear

Polystyrene 6-well plates.

22 x22-1 cover slip.

Orbital shaker.

Sterile plastic container.

Ultrasonic bath.

Kinematica Polytron P1200E handheld homogenizer.
70 % ethanol.

N T e
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8.
9.

10.

11.
12.
13.
14.
15.
16.

Phosphate-buffered saline (PBS).

Epi-fluorescence microscope or confocal laser scanning
microscope.

Appropriate PNA FISH probes such as Cy3-labeled C. albicans/
FITC-labeled S. aurens PNA probe cocktail.

Vectashield Mounting Media.
Clear nail polish.

Trypticase soy broth (TSB).
Yeast peptone dextrose (YPD).
Sabouraud dextrose agar.

RPMI 1640 buffered with HEPES and supplemented with
L-glutamine.

17. 5 % heat-inactivated fetal bovine serum (RPMI-EBS).

18. YPD containing 5 % FBS medium.
2.2 Glass Bead In order to provide increased surface area for biofilm growth, glass
Biofilms beads are added to 500 ml flasks and then placed on an orbital

shaker to provide shear.

1.

2.3 Flow GCells 1.

2. Flow chambers.

2.3.1 Components

for Assembly of the 3.

Flow-Chamber System

ARl

Media: Brain—heart infusion (BHI) broth.
Solid soda lime.

Solid borosilicate glass balls.

TSB.

The protein preservation solution is composed of 10mM
TriseCl, ImM EDTA, 0.5 mg/ml PMSF (Phenylmethyl-
sulphonylfluoride), and 10mM sodium azide.

RNAprotect reagent (Qiagen, Valencia, CA).

Homogenizer and conical tubes (one filled with ethanol, two
filled with PBS).

Conical tubes (50 ml).

. Glass 500 ml tissue culture bottles.
10.
11.
12.
13.

Plastic container.

Ultrasonic bath.

Kinematica Polytron P1200E handheld homogenizer.
70 % Ethanol.

Bubble traps.

Polycarbonate sheet plastic, 6 mm thick (optional, if flow
chambers are to be made locally).

Substratum: 50 x 24-mm glass cover slips or other appropriate
materials.
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. Marprene® tubing, 3 mm outer diameter, 1 mm inner diameter.
Silicone tubing, 3 mm outer diameter, 1 mm inner diameter.
Silicone tubing, 4 mm outer diameter, 2 mm inner diameter.

Silicone tubing, 7 mm outer diameter, 5 mm inner diameter.

© % N o o

Clear polypropylene plastic connectors and T-connectors
(Cole Parmer), 1/8in.(3.175 mm)and 1 /16 in. (1.588 mm).
Reduction connectors 1,/8 to 1/16 in.

10. 2-ml syringe.

11. Injection needles.

12. Medium bottles.

13. Waste container.

14. Silicone glue.

15. 70 and 96 % (v/v) ethanol.

16. 0.5 % (w/v) sodium hypochlorite.
17. H,O, sterile.

18. 1 % hydrogen peroxide (optional).

19. Medium appropriate for organisms and type of biofilm being
grown (e.g., biofilm minimal medium, FeEDTA-AB (FAB) [20]).

20. Peristaltic Pump (Watson-Marlow, 205S).
21. Microscope.
22. Rolling cart for flow systems and pumps (optional).

23. Computer Numerical Control (CNC) tooling machine or a
drilling machine mounted on an upright stand and equipped
with a milling drill tool (3 mm) (if flow chambers are to be
made locally).

2.3.2  Components for . 35x80x45-mm polycarbonate block.
Construction of the Bubble
Trap (Advanced Version)

. CNC tooling machine.
. 5-ml syringes with inner diameter of 12.5 mm.

. 9x2-mm rubber gaskets (M-seals, 221355; http: //www.m-seals.
dk/cms.ashx).

. Silicone glue.

W N~

o\ U1

. Stoppers (e.g., http: / /www.nordson.com/en-us/divisions /efd)
or use the leftover needle protective cover from the needles used
for inoculating the flow cells (see above).

2.3.3 Components for
Construction of the Bubble
Trap (Simple Version)

. A 10 mm thick polycarbonate block, 80 x 35 mm surface area.
. Drilling machine mounted in a vertical stand.
. An 8 and a 3 mm drill suitable for drilling in plastic.

. 2- or 5-ml syringes.

[ A N I

. Silicone glue and stoppers as above.
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2.3.4 Materials
for Inoculation and
Running of the Flow Cells

2.3.5 Equipment
for CLSM of Flow
Cell-Grown Biofilms

1.

ANl

&

Inoculum, e.g., fresh overnight culture of the microorganisms
under study.

70 and 96 % (v/v) ethanol.
Medium (e.g., FAB medium).
Silicone glue.

Flow-cell system (DTU Systems Biology, Technical University
of Denmark, or see below).

Syringes and needles (0.4 x 12 mm, 0.5 ml).
Clamps.

Confocal laser scanning microscope (e.g., Zeiss LSM710).

2. Scalpels.

Computer software:
(a) Imaris (Bitplane; http: //www.bitplane.com).
(b) Image] (http://rsb.info.nih.gov/ij).

(c) Comstat version 2 (DTU Systems Biology, Technical
University of Denmark, http: //www.comstat.dk).

(d) Java runtime environment (needed for Comstat v. 2,
http://www.java.com).

3 Methods

3.1 Six-Well
Microbial Biofilm
Growth with Shear

3.1.1  Single-
Species Biofilms
(See Notes 1 and 2)

. Starter cultures of bacteria (e.g., Staphylococcus anreus,

Staphylococcus epidermidis, Pseudomonas neruginosa, Streptococcus
pyogenes, Bacillus subtilis, Escherichin coli, Acinetobacter bou-
mannii, Klebsielln pnewmonine, Salmonella typhimurium) are
derived from frozen glycerol stocks that are streaked onto petri
dishes in order to ensure a lack of contamination.

A minimum of ten colony-forming units (CFUs) should be
picked and added to TSB or another appropriate growth
medium and incubated overnight at 37 °C. By choosing ten
CFUs, aberrant results due to clonal differences can be
avoided.

. Fresh log-phase bacterial starter cultures are grown by diluting

the overnight culture 1:100 in fresh 37 °C pre-warmed TSB
for 3 h. Bacterial cultures are then washed twice in sterile PBS.

. Bacteria are then diluted to an OD of 0.1 at 600 nm, and

50 pl are added to each polystyrene 6-well plate with 5 ml of
37 °C pre-warmed TSB per well and each containing a sterile
22 x22x1 cover slip.

Shear is provided by placing plates on a rotating platform
during incubation at 100 rpm (ensure that this is consistent
for all studies).


http://www.bitplane.com/
http://rsb.info.nih.gov/ij
http://www.comstat.dk/
http://www.java.com/
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6.

10.

3.1.2 Dual- 1.
Species Biofilm
(Fungi and Bacteria) 2
(See Notes 1 and 2)
3
4.
3.1.3  Single- 1.
or Dual-Species
Coverslip Microscopy
2

For growth longer than 24 h, the plate is removed from the
incubator and immediately placed at an angle on another
unused 6-well plate to allow solution to collect at the well sides.

. Spent media is removed, and 5 ml of fresh, sterile 37 °C

pre-warmed media is added carefully to the side of the well.
The 6-well plate is returned to the incubator and allowed to
rotate at 100 rpm for an additional 2 min.

. The plate is removed from the incubator and again immediately

placed at a slight angle to allow solution to collect at the well
sides. Wash media is removed, and 5 ml of fresh, sterile 37 °C
pre-warmed media is added carefully to the side of the well.

The 6-well plate is returned to the incubator and allowed to
rotate at 100 rpm.

It multiple days are required for different biofilm growth
stages (early, maturing, and fully mature as described below),
repeat every 24 h (see Note 3).

Bacteria are grown, subcultured to log phase, washed, and
diluted as described above.

. An aliquot of a glycerol stock of Candida albicans is grown

and maintained on Sabouraud dextrose agar. Cultures are
grown overnight in YPD in an orbital shaker (100 rpm) at
37 °C under aerobic conditions. Yeast cells are harvested and
washed twice in sterile PBS.

. C. albicans overnight cultures are grown as described above

and diluted to an OD of 1.0 at 540 nm. Aliquots of each spe-
cies suspensions (50 pl) are added to each polystyrene 6-well
plate with 5 ml of 37 °C pre-warmed broth (described below)
per well and each containing a sterile cover slip [21].

Dual-species biofilms (C. albicans and bacterial species) are
grown in RPMI 1640 buffered with HEPES and supple-
mented with L-glutamine and 5 % heat-inactivated fetal bovine
serum (RPMI-FBS) when hyphal growth by C. albicans is
needed or YPD containing 5 % FBS medium (YPDEBS) for
experiments with yeast cells of C. albicans.

PNA-FISH hybridization is performed as per the manufacturer’s
protocol (http://www.advandx.com /Technology,/PNA-
FISH-Technology.aspx). Use Cy3-labeled C. albicans/FITC-
labeled S. aurens PNA probe cocktail for this cell combination.
Non-adherent cells are removed by gently washing with PBS
prior to imaging.

. Add a single drop of Vectashield Mounting Media to the micro-

scope slide, and lay cover slip face down. Seal edges between
the cover slip and microscope slide using clear nail polish.


http://www.advandx.com/Technology/PNA-FISH-Technology.aspx
http://www.advandx.com/Technology/PNA-FISH-Technology.aspx
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3.1.4  Biofilm Dispersal
(See Note 4)

3.2 Glass Bead
Biofilms

3.2.1 Preparation
of Glass Beads and Biofilm
Culture Bottle

3.2.2 Protocol for
Biofilm Growth

3.

For all microbial microscopy counts, a minimum of ten ran-
dom and blinded fields of view should be evaluated. In addi-
tion, each field of view must have a minimum of 20 cells per
field of view. If less than 20 cells per field of view, increase the
number of fields of view to attain 2,000 cells.

. Biofilm dispersal method 1 [22, 23]: Each cover slip should be

transferred into a sterile plastic container containing 5 ml PBS.
The container is sealed and immersed in an ultrasonic bath.
Sonication at 30 kHz with a power output of 300 W, as specified
by the manufacturer, should be performed at 37 °C for 5 min.

Biofilm dispersal method 2 [23, 24]: Using a Kinematica
Polytron P1200E handheld homogenizer at maximum speed
(30,000 rpm), first disinfect with 70 % ethanol and wash twice
in sterile PBS, followed by homogenization for 1 min on ice.
Immediately serially dilute and plate for CFU determination.

Wash beads with a detergent and dry.

Add beads to 500 ml glass bottles (approximately half full),
add culture media (BHI or TSB) to 2-3 cm above beads so
that all beads are submerged (e.g., BHI), and autoclave
sterilize.

. A minimum of ten colonies should be picked and added to

TSB and incubated overnight at 37 °C. By choosing ten CFUs,
aberrant results due to clonal differences can be avoided.

Fresh log-phase bacterial starter cultures are grown by diluting
the overnight culture 1:100 in fresh 37 °C pre-warmed TSB
tor 3 h. Bacterial cultures are then washed twice in sterile PBS.

. Bacteria are then diluted to an OD of 0.1 at 600 nm, and

500 pl are added to each bead and culture-containing 500 ml
sterilized bottle.

Shear is provided by placing bottle in holding clamp on a
rotating platform during incubation at 100 rpm (ensure that
this is consistent for all studies) at 37 °C.

. For growth longer than 24 h, the bottle is removed from the

incubator and spent media is immediately removed via pipet.
Fresh, sterile 37 °C pre-warmed media is added carefully to
the side of the bottle.

. The bottle is returned to the incubator and allowed to rotate

at 100 rpm.

It multiple days are required for different biofilm growth
stages (early, maturing, and fully mature as described below),
repeat every 24 h (see Note 3).
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3.2.3 Harvest 1.
2.
3.2.4  Biofilm Dispersal 1.
(See Note 4)
2.
3.2.5 Preservation For

The bottle is removed from the incubator, and media contain-
ing planktonic bacteria is immediately removed via pipet.
Fresh, sterile 37 °C pre-warmed media is added carefully to
the side of the bottle, and it is then returned to the incubator
and allowed to rotate at 100 rpm for an additional 2 min.

The bottle is removed from the incubator, and again wash
media is immediately removed to remove all non-adherent
bacteria.

Biofilm dispersal method 1 [22, 23]: Beads should be trans-
ferred into a sterile plastic container containing 50 ml PBS.
The container is sealed and immersed in an ultrasonic bath.
Sonication at 30 kHz with a power output of 300 W, as speci-
fied by the manufacturer, should be performed at 37 °C for
5 min. Immediately serially dilute and plate for CFU
determination.

Biofilm dispersal method 2 [23, 24]: Sterile PBS is added to
the washed beads in the 500 ml tissue culture bottle to a level
just above the level of the beads. Using a Kinematica Polytron
P1200E handheld homogenizer at maximum speed
(30,000 rpm), first disinfect with 70 % ethanol and wash twice
in sterile PBS, followed by homogenization for 1 min on ice.
Immediately serially dilute and plate for CFU determination.

RNA or proteomic sample harvest, biofilms must also be dis-

persed. However, instead of using PBS as the solution to disperse
the biofilm into, one should use RNA protect for RNA samples or
PBS with protease inhibitor solution for proteomic samples.
Following dispersion, transfer solution to centrifuge tubes and
centrifuge to concentrate, and pour off supernatant. Freeze at

-80

3.3 Flow Cells 1.

°C until ready for processing.

Growing biofilms in flow-chamber devices allows for continu-
ous, dynamic observation of living microbial communities and
facilitates manipulations which consequences likewise can be
monitored online. The requirements for such devices are that
they should be mountable on a microscope without interfer-
ing with medium supply and that the growing biofilm should
be easily observable while on the microscope. Furthermore,
manipulations such as challenging the biofilm with antibiotics
or changing nutrient availability should be easy to do.

The flow chambers used in this chapter are constructed from
transparent, non-fluorescent plastic, polycarbonate (PC)
which has the additional advantage of being tolerant to auto-
claving at 115 °C. The flow chambers are essentially plastic
blocks with milled or molded channels (40 x4 x 1 mm) with an
inlet and outlet connector in the ends. On the free side of the
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3.3.1 Fabrication of Flow
Chambers

channels a piece of coverslip glass is glued with silicone glue.
Nutrient medium is supplied to the flow chamber via silicone
tubing, which is very flexible and also permeable to oxygen,
ensuring oxygen saturation of the medium at the inlet to the
flow chamber. Occasionally small air bubbles will form in the
medium lines. These could be catastrophic to the biofilm
structure, effectively acting like a razor blade when passing
through the flow chamber. To remove such bubbles a device
called a bubble trap is inserted in the supply line upstream of
the flow chamber. The bubble trap is a small liquid-filled cyl-
inder (a single-use syringe) sitting on top of the passing
medium. If'an air bubble is in the liquid while passing the trap,
the bubble will flow to the top of the cylinder and stay there
rather than moving on to the flow chamber. Medium is con-
tained in a flask and led to the bubble traps and flow chambers
via peristaltic pump. To prevent the tubing to break because of
the wear applied by the pump special tubing is used in the
pump. Marprene® tubing has proven to be a suitable material
for this purpose—it can be autoclaved and is essentially
inverted towards the medium. Marprene® can withstand pump
wear for long periods of time and can be reused several times.
Waste from the flow chambers is collected in suitable contain-
ers downstream of the flow chambers and can subsequently be
disposed of by, e.g., autoclaving.

Flow chambers can be made by milling and moulding, or if the
necessary tools are unavailable several sources for buying ready-
made flow chambers exist. To construct flow chambers by milling
a milling machine is required. While it is possible to control the
milling process manually it is recommended to use a programmable
machine (a CNC machine).

1. Use a sheet of polycarbonate, 6 x 76 x 26 mm, to mill the flow
chamber shown in Fig. 1. This will produce a flow chamber
with dimension that fits on a standard microscope slide holder.

2. Start by making a flat flange in each end of the device 1 mm
thick by milling away 8 mm into the plastic. The middle part is
6 mm thick and will accommodate the actual flow channels.

3. Mill the flow channels using a 4 mm flat head milling tool.
The channels can be of any depth from 0.1 to 5 mm. The
standard dimensions are 1 mm depth and 40 mm length.
To allow for medium inflow the channels either drill a hole
from each end of the flow chamber which allows insertion of a
silicone tube or use an advanced milling machine to fabricate
a stud in each end of the channels onto which the silicone
medium line can be connected. Use a thin drill to open the
tubes to connect to the flow channels.
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Fig. 1 Bubble traps and flow cells (4-C)

4. Attach the selected substratum (usually a glass cover slip,

50x24 mm) to the flow chamber. Some silicone glues, in par-
ticular types intended for sealing sanitary installations, may
contain bacteriostatic or bactericidal compounds and should
be avoided. We found 3 M Super Sealant suitable for gluing
flow chambers. Place thin strips of silicone glue along the
edges of the channels, and take care not to leave gaps in the
strips. A single-use 2 ml syringe with a cut pipette tip placed
inside the syringe tip is a convenient tool for applying the glue:
remove the piston, and insert the thin 1 cm of'a 200 pl pipette
tip in the syringe. Fill about 1 ml silicone glue in the open end
of the syringe, and replace the piston. The filled syringe can
now aid in applying the thin strips of glue (se¢ Note 5).

Substrata other than glass can be used: Cut the desired
substratum to cover the flow channels; i.e., it should have
the same dimensions as a glass cover slip, approximately
50x24 mm.

Align the substratum to the part of the flow chamber with the
applied glue. Gently press the substratum onto the chamber,
and ensure that there are no visible leaks, i.e., areas where the
glue seem to form gaps. If such gaps can be seen, use either
the finger or the piston handle to press the substratum firmly
to the chamber.
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3.3.2 Fabrication

of Advanced Bubble Trap
Using CNC Milling
Equipment

3.3.3 Fabrication
of Simple Bubble Traps

7.

8.

9.

If it is not possible to completely seal the flow chamber, or if
silicone glue has entered the channels, remove the substratum
and clean the plastic base using 96 % ethanol. Dependent on
the type of substratum either dispose and replace or clean
using ethanol. Repeat steps 4-6.

Allow at least several hours for the glue to solidify, preferably
overnight before use.

If the chambers are fabricated using a machine that has made
studs in the in- and outlet ends attach silicone tubing by twist-
ing the tubing onto the studs. Alternatively, place cut tubing
ends into the receiver holes and seal with silicone glue (manually
fabricated chambers).

The bubble traps in the system are required to remove small
air bubbles from reaching the flow chambers, as described above
(see Note 6). The simplest form of a bubble trap can be made from
a single-use syringe, a cap, and two needles. A slightly more
advanced version utilizes syringes glued to a plastic base with in- and
outlet ports. More sophisticated versions must be fabricated using
advanced milling tools. These are much easier to handle but also
much more expensive. A milled version is shown in Fig. 1.

1.

Mill the base of the bubble trap from a single block of
polycarbonate (35x80x45 mm).

. Use the machine to carve rings to accommodate gaskets to

prevent leakage when the syringes are mounted on the base.
Also carve a rail along the sides of the base—this can be used
to lock the syringes into place by twisting the syringe so that
the handles will fit under the rails.

. Place 5-ml syringes (inner diameter, 12.5 mm) as on each of

the columns. Do not twist the syringe to fix it onto the base
before the entire system has been tested. In case of a blocked
line downstream of the bubble trap, the syringe can then pop
off, relieving the built-up pressure. If the syringe is locked
damage may occur to the flow chambers in this case.

Place a stopper on top of each syringe.

. Remove the piston from a 5 ml syringe, and detach the rubber

seal from the plunger.

2. Put the rubber seal back into the end of the syringe.

Use silicone glue to attach this onto a flat base.

. Penetrate two injection needles above the seal into the syringe,

one needle 1 cm above the other. The lower needle is now the
outlet port and the upper needle the inlet.

. Place a stopper on top of the syringe.
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3.3.4 Fabrication
of Slightly More Advanced
Bubble Traps

3.3.5 Assembly of the
Flow-Cell System

1. Prepare a base plate from a piece of polycarbonate
(30x110x 10 mm).

2. Drill three evenly spaced cavities on one side of the plastic (do
not drill all the way through the plastic, ca. 8§ mm) using an
8 mm drill.

3. Dirill in- and outlet channels from each side. Use a 3 mm drill,
and place the center 4 mm from the top of the base. Drill far
enough that each cavity will have a connection on each side of
the plastic.

4. Glue three single-use 2 ml syringes on top of each cavity using
silicone glue.

5. Use 3 mm outer diameter silicone tubing in the in- and outlet
ports.

6. Place a stopper on top of the syringes.
7. Allow solidifying for at least 24 h.

This construction is quite fragile, and great care should be
taken to avoid breaking off the syringes from the base.

Timing is crucial when setting up a flow-chamber experiment. The
items that need to be glued should preferably be done so 1 day
prior to use. After assembly and checking for leakages the system
must be sterilized using hypochlorite for at least 4 h and washed
with several passages of sterile water. Only then the system can be
filled with medium and inoculated. The system is shown in Fig. 2.

All tubing is of 1 mm inner diameter, except for the medium
supply tubing and the waste tubing which have 2 mm inner diam-
eter. All tubing is connected using polypropylene plastic connec-
tor. The entire system, except the pump, can be autoclaved before
or after assembly.

Start by preparing the flow chambers and bubble traps (see
Subheadings 3.3.1-3.3.4). Then prepare and autoclave the
medium (remember to insert a medium-supply silicone tube into
the medium and cap off the end with aluminum foil). The tubing
system must then be prepared: a fan-out connector to split the
medium supply so that each channel will have its own supply from
the pump: this makes it much easier to, e.g., remove channels that
are contaminated or broken from the system if needed. The
remainders of the flow lines are individual for each channel.

1. Prepare flow chambers and bubble traps according to
Subheadings 3.3.1-3.3.4.

2. Calculate the amount of medium you will need. To do this
you can calibrate the usage by attaching a piece of Marprene®
tubing to the pump and connect it to an inlet and outlet tubing.
Set the pump to the desired velocity, and measure how much
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Fig. 2 The assembled flow-cell system (A-E)

water is passed through the tubing for a given period, e.g., 1 h.
Then you can easily calculate the medium requirement per
day. Multiply by the number of channels to find the overall
usage per 24 h. It is advisable to prepare more medium than
needed to allow for unexpected delays and for having a buffer
volume near the bottom of the supply flask.

3. Preparation of medium: Place a sufficient long silicone tube,
2 mm inner diameter, in the bottle. Fix the tubing outside of
the bottle using autoclave tape. Attach a straight connector
to the end, and protect the end against contamination with
aluminum foil. It is essential to clamp off the tubing or siphoning
may empty the bottle while autoclaving. Fill the bottle with
medium, and cover the bottle opening with aluminum foil.
Autoclave immediately.

4. Prepare all the tubing for the rest of the system:

5. Start by making the fan-out component: make one piece of
silicone tubing (50 cm) that will attach to the silicone tubing
from the medium bottle. Cover the end with aluminum foil.
To the other end attach a T-connector (1/16 in.). To each
end attach 5 cm of silicone tubing (1 mm inner diameter). To
the two new ends add additional T-connector and 5 cm pieces
of tubing. Continue until there is the same number of free
ends as channels in the system.

6. Prepare short pieces of Marprene® tubing, just long enough to
pass through the pump. In each end place a 1 /16 in. straight
connector. To prevent the pump from pulling off the connec-
tors, wind four winds of autoclave tape around the Marprene®
next to the connector on the inlet side of the pump.
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7. On the outlet side of the pump attach a short (35 cm) piece of
tubing and connect the other end to the bubble trap. On the
outlet side of the bubble trap attach a long piece of tubing
(150 c¢m, to allow the flow chamber to be taken from the
experiment table to the microscope). Attach the other end to
the flow chamber. At the outlet end of the flow chamber attach
a very short (10 cm) piece of tubing and thena 1/16 to 1/8
straight reduction connector. Finally, attach the waste (efflu-
ent) tubing to the connector. The waste tubing is 2 mm inner
diameter and should be sufficiently long to allow the flow
chamber to be moved to the microscope while keeping the
end in the waste container (120 cm is usually sufficient)
(see Note 7).

8. If needed, autoclave the assembled flow system (recommended).

9. Attach all the pump tubing to the pump. It is highly recom-
mended to keep all the tubing in order, such that the first flow
channel in the first flow chamber is connected to the first
channel in the first bubble trap and the first channel in the
pump. This will make it much easier to find and fix problems
such as leakages in the system later on.

10. Optionally place the entire setup on a rolling cart to make trans-
port to the microscope and incubation room (if required) easy.

11. Place the waste lines into a suitable reception container.

3.3.6 Sterilization 1. Always use sterile water when operating the system, even
of the Flow-Cell System before sterilization.

2. Remove all stoppers from the bubble traps, and store them in
70 % ethanol. Place all components on a flat surface, and make
sure that the waste container is at the same level as the flow
chambers.

3. DPlace the free end of the fan-out connector in 1 1 of water. Fill
the system by setting the pump to maximum speed. When the
bubble traps are filled with water wait for about 15 s and then
place the stopper on the syringe. Then observe that the rest of
the system is filled. At this point it is important to detect and
seal any leaks in the system.

4. Remove air bubbles (even tiny ones) in the flow chambers by
tapping them firmly on the ends on a hard surface. This will
release the bubbles, and they can flow away due to the high
velocity of the liquid.

5. Lift the inlet tube into the air, and allow the system to be emp-
tied completely.

6. Remove all the stoppers and fill the system as described above,
with a solution of 0.5 % sodium hypochloride in water. When
the system is completely filled and all air bubbles removed con-
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3.3.7 Inoculation of the
Flow Cells (See Note 8)

3.3.8 Running
of the Flow-Cell System
(See Note 9)

tinue flow at maximum speed for another 5-10 min. Reduce
flow rate to the minimum of the pump and sterilize for at least
1 h. It is not recommended to leave the sterilizing agent in the
system for extended periods and never more than 24 h.

7. The system is now sterile, and handling should be done to
prevent contamination.

8. Empty and fill the system three consecutive times with sterile
water to remove all traces of the hypochloride. Optionally the
second pass can be water with 1 % hydrogen peroxide.

9. If the system is to be used immediately, empty the system and
fill with medium. The system is now ready for inoculation.

10. If the system is not used at once it is reccommended to leave it
with water, running at a low rate until use.

The amount of cells to inoculate is very dependent on both the
strain and the medium. As a starting point cells from an overnight
culture must be diluted before inoculation. The exact dilution
must be empirically determined. For Escherichia coli a dilution of
1:100 is suitable, while Acinetobacter spp. should only be diluted
ten times. Pseudomonas aeruginosa is usually diluted 1:1,000.

1. Withdraw about 250 pl of the diluted culture into a syringe
equipped with a thin needle, e.g., 27 G. Wipe the tubing on
the inlet side of the flow chamber with 70 % ethanol. Stop the
pump, and penetrate the silicone tubing as near the inlet of the
channel as possible. Inject the inoculum into the channel, and
observe that no air bubbles are injected. If that happens
remove the air bubble using the syringe. Important: Never
place fingers behind the tubing while inserting the needle—
the risk of being stung by the needle is significant.

2. Seal the injection hole with silicone glue.

3. Leave the flow chamber with the substratum facing the table
for 1 h without flow to allow initial adhesion of the cells to the
substratum.

4. Reverse the flow chambers, and resume flow. In this system a
flow rate of 1-3 ml per channel per hour is suitable for E. coli
and P. aeruginosa. For other organisms other flow rates may

be needed.

The system can run for several days or even weeks without inter-

ruption. However, check frequently that medium is available and

the waste is not overflowing. Deal with any leaks. A broken flow

chamber cannot be fixed and must be isolated from the system.
Take care to ensure uninterrupted flow as some strains react by

detachment for even short periods of no-flow (see Note 10).
Dispose of waste according to local regulations.
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3.3.9 Microscopic The flow cells with the transparent glass cover slip which also serve
Inspection and Imaging as the substratum for the biofilm enable easy and non-invention
of Flow Cell: Grown visualization. All microscopes can basically be used; however, the
Biofilms (See Note 11) optimal method of choice for visualization of flow chamber-grown

biofilms is to use CLSM.
Practical information when using CLSM and flow cells:

1. The flow cell system should be close to the confocal micro-
scope to avoid interruption of growth if the system has to be
transported.

2. Make sure that the tubing in both ends on the flow cells are
long enough for the flow cell to be placed under the micro-
scope without interfering with the setup.

3. Make sure that the flow cell is firmly attached in the specimen
holder. Adhesive tape to assist mounting the sample onto the
microscope is a possibility.

4. WARNING: Before starting the microscopy be careful if the
microscope is adjusted to automatically set parfocality as for
normal microscope slides. The flow chambers are much
thicker; as a consequence the microscope may position the
lens wrongly and destroy the sample. An empty flow cell can be
used to calibrate the microscope adjustments before mounting
a real experiment.

3.3.10 Endof Experiment ~ Many of the flow-cell components can be reused and should be
thoroughly cleaned after each experiment. Other components such
as the upstream silicone tubes should not be reused and discarded
after each experiment.

1. Disassemble the inlet tube to allow emptying the remaining
liquid from the still assembled system by filling with air.
All waste should be collected and disposed of following local
biohazard regulations.

2. Detach the flow chambers. The pump tubing and the down-
stream waste tubing can be reused if autoclaved.

3. The flow chambers are disassembled using a scalpel to remove
the substratum. If the substratum is made of fragile material
such as glass it will inevitably break in this process. Remember
to use plastic gloves and protective eye wear.

4. Remove remains of silicone glue from the flow chamber using
mechanical abrasion and 96 % ethanol.

5. The reusable tubing and the clean flow cells can be wrapped in
metal foil, autoclaved, and stored for subsequent experiments.

3.3.11 Image Analysis The CLSM imaging can be either used as qualitatively descriptive
images or for quantitative measurements. In both instances the CLSM
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images obtained of the biofilm experiment by CLSM should most
often be processed since most CLSM files are in a specific format.

For qualitative and descriptive analysis of the images, several
software programs are available. We recommend the commercial
package Imaris® software suite (http://www.bitplane.ch) which
can create two- and three-dimensional visualizations with simple
measurements, time-lapse movies, as well as animations. A free-
ware alternative is the program Image]J [25] (http://rsb.info.nhi.
gov/ij) which can be supplemented by user-written plug-ins to
perform several graphical visualizations of CLSM images and
extensive qualitative measurements. Using nonspecialized pro-
grams such as Image] does require more from the user to get full
benefit of its capabilities than do commercial dedicated packages.

For quantitative analysis several programs have been devel-
oped, such as the ISA3D [26], Comstat [27] (http://www.
comstat.dk), and Daime [28] (http://www.microbial-ecology.
net/daime). Using these programs basic parameters from CLSM
image stacks, such as biomass, roughness, and average thickness,
can be calculated. The quantitative measurements are numbers,
rather than images, and provide a way to directly evaluate both
reproducibility of experiments and statistically compare different
biofilms which qualitatively seem similar.

4 Notes

1. All experiments should be performed in triplicate (i.c., three
true replicates).

2. Several strains of each species should be used including recent
representative clinical isolates.

3. Each stage of biofilm growth is as different as biofilms are to
planktonic cultures [29]. If multiple growth stages of biofilms
are required, perform biofilm growth curves for each strain
in which CFU/cm? is determined at multiple time points
following inoculation. The various stages include the following:
(a) early-stage biofilms are those with monolayers soon after
microbial attachment, (b) fully mature biofilms are those
where the CFU/cm? reaches a maximum and static level, and
(c) maturing biofilms are those with CFU /cm? at 50 % of fully
mature biofilms.

4. In order to get representative CFU counts from biofilms, it is
important to break up the biofilm conglomerates by either
sonication or homogenization.

5. As with any liquid, even a small leak will render the entire flow
cell useless and should be sealed before the experiment is initi-
ated. Leaks are easy to spot when the setup is filled with water.


http://www.bitplane.ch
http://rsb.info.nhi.gov/ij
http://rsb.info.nhi.gov/ij
http://www.comstat.dk/
http://www.comstat.dk/
http://www.microbial-ecology.net/daime
http://www.microbial-ecology.net/daime
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Use normal water before the system is sterilized. If leaks are
observed, cither change the damaged part or seal with silicone
glue; remember to allow for hardening. It is usually very diffi-
cult to seal leaks once the system and experiment are initiated
since the flow should be turned off to allow for the silicone to
dry. The glass cover slips on the flow cells are very fragile, so
please be careful. If the flow cell leaks while experiment with
bacteria is running the biohazard risk is great. Especially if the
flow cell is mounted on the microscope, it can become harmful
to the equipment and difficult to decontaminate. Either imme-
diately attempt to reseal the leak or remove the flow cell from the
microscope. While running an experiment, it is not possible to
drain the system or even stop the flow temporarily. If leaks
occur during an experiment clean and dry the area containing
the leak, and keep a piece of paper towel at hand to repeatedly
soak away leaking fluid. Apply excess of silicone glue to the
leak, and continue to remove leaking liquid until it stops.

. As with any liquid-changing temperature or flow rates, gas or

air bubbles can form. These air bubbles can introduce artifacts
in the developing biofilm eventually destroying or altering the
three-dimensional structure of biofilms. Due to this it is rec-
ommended to use bubble traps to catch the gas bubbles before
they reach the flow cells. Since the change in temperature, for
example, when cooling the media from autoclaving to room
temperature to heat it up to the experimental temperature,
increases the bubble formation, it is recommended not to cool
the medium after autoclaving, and to place it immediately at
the correct temperature for the experiment. Furthermore, if
running of the flow-cell system above room (e.g., 37 °C) the
change of bubble formation increases. A recently described
[30] setup with a modified medium container may be employed.

. Place the end of the waste tubes downstream of the flow cell

above the surface of the waste reservoir to avoid reverse
siphoning from the waste container.

. As of any other experimental setup, microbial growth in flow

cells may be influenced by biological variation, such as selec-
tion of mutants. Due to this we recommend always to run at
least two independent flow channels of each bacterium or
strain, and as with any other biological setup experiments
should always be performed in replicates.

. Since many bacteria are motile and tend to migrate towards

chemical gradients, such as the fresh medium supply, bacterial
growth might occur in the tubing upstream of the flow cell
also known as “backgrowth.” If such fouling occurs we rec-
ommend removing the contaminated part of the tubing since
biofilm in the upstream tubing will use substrate and release
waste products that may affect the biofilm in the flow cell.
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10.

11.

The contaminated tubing is removed by first clamping the
tubing on the effluent side of the flow cells, so that waste
medium does not flow backwards through the chamber,
destroying the sample. Hence cut off the contaminated part,
reconnect, and slowly remove clamping. It is in this case criti-
cal not to open clamps too abruptly as the concurrent liquid
movement can disrupt the biofilm. The effluent tubes can also
be changed if they become heavily fouled, but here clamping
is not critical, but the biohazard of the contaminated waste
should be avoided.

The biofilms formed by some microbial species will disperse in
response to even short periods of change in flow rate. If the
bacteria of a given experiment are expected to easily disperse
it may be important to ensure constant running of the peri-
staltic pump.

Always perform the microscopy in the same area of the flow
cell. The biofilm formation in the flow cell is very different in
the inlet part compared to the outlet part, because the bacteria
use substrate and release waste products. We recommend the
microscopic inspection, and imaging of the biofilm should be
done near the medium inlet to avoid uncontrolled conditions.
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Chapter 2

Aqueous Two-Phase System Technology for Patterning
Bacterial Communities and Biofilms

Mohammed Dwidar, Shuichi Takayama, and Robert J. Mitchell

Abstract

We describe a novel method which makes use of polymer-based aqueous two-phase systems to pattern
bacterial communities inside Petri dishes. This method allows us to culture submillimeter-sized bacterial
communities in spatially distinct spots while maintaining a degree of chemical connectedness to each other
through the aqueous phase. Given sufficient time, these bacterial cultures develop biofilms, each corre-
sponding to the footprint of the droplet spot. This method can be used to study the interactions between
bacterial communities and biofilms spotted adjacent to each other. Furthermore, it can be extended to
study the interactions between different bacterial communities and an underlying epithelial cell layer.

Key words Aqueous two-phase system (ATPS), Biofilm, Micro-patterning, Localized culturing,
Bacterial-bacterial interaction, Bacterial-epithelial interaction, Cell printing

1 Introduction

Bacterial biofilms found in the environment or even those present
inside the body are usually a complex consortia of bacteria [1].
Despite being enclosed inside the biofilm matrix [2], these bacteria
are not isolated from the surrounding environment. They com-
municate with each other inside the biofilm as well as with sur-
rounding biofilms and microcolonies formed by the same or
different species [ 3]. They also affect and are affected by the under-
lying surface, which in certain circumstances can be living struc-
tures, such as epithelial cell layers. These interactions are carried
out by a wide range of effectors, both known and yet unknown,
and include various proteins, nutrients, hormones, and quorum
sensing molecules [4-7]. Such interactions, however, are usually
difficult to study systematically in the lab using common biofilm
construction protocols, such as in 96-well plates and flow cells.
To mimic the interactions between biofilms and microcolonies
present in nature, it would benefit scientists to be able to pattern
small bacterial communities and biofilms adjacent to each other

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_2, © Springer Science+Business Media New York 2014
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so that they are chemically communicating but physically segregated.
Currently, this has been approached by different groups using
microfluidic devices, including the Weibel’s group devices to pat-
tern bacteria and biofilms [8, 9], the microfluidic device developed
by Ismagilov’s group to study the chemical interactions between
spatially distinct bacterial communities [ 10], and the system devel-
oped by Jayaraman’s group to study host—pathogen interactions
[11]. While these microdevice-based systems are very useful, they
require specialized equipment or fabrication facilities that are not
available to many labs.

Here, using aqueous two-phase system (ATPS) techniques
[12, 13], we describe how to pattern bacterial communities of sub-
millimeter diameters beside each other using materials commonly
accessible to labs [14-16]. The fully aqueous nature of the ATPSs
allows for the free diffusion of most small molecules and ions
between these bacterial communities. However, due to bacteria
partitioning preferences and interfacial tension between the poly-
ethylene glycol (PEG) and dextran (DEX) phases, many bacterial
species can be confined within the DEX-rich microdroplets. This
method has been used to successfully pattern diverse bacterial
strains, including Escherichia coli and the human pathogens
Staphylococcus anrens and Pseudomonas aeruginosa. In principle, it
should also work with other bacterial strains as long as the cells
partition into the DEX phase. In addition, when the ATPS-
patterned bacterial suspensions are given sufficient time to grow,
they develop into distinct biofilms with sizes corresponding to the
footprints of the DEX drops that were patterned.

Using the same technique discussed above, we were also able
to pattern populations of bacteria on epithelial cells in Petri dishes.
Although not rigorously confirmed as being biofilms, after 24 h of
DEX droplet patterning, the bacterial communities were attached
to the underlying epithelial cells. This was true even after removal
of the medium and gentle washing of the plate.

This protocol can be used, for instance, to compare two
mutants or different strains for their effects on the underlying epi-
thelial layer within the same Petri dish. Also, it can be used to study
the influence some bacterial strains have on the virulence of other
bacteria. For example, we recently used this technique to study the
effects the bacterial predatory strain, Bdellovibrio bacteriovorus,
had on human pathogens [17].

2 Materials

2.1 ATPS for
Patterning Bacterial
Communities in Petri
Dishes

1. Overnight bacterial culture (1 ml): Culture your bacterial
strain (e.g.: E. coli) in a suitable culturing medium such as
Luria Broth (LB) or tryptic soy broth (TSB) overnight.
Antibiotics can be used for this culturing as needed.
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2.

O 0 N O u

ATPS components (see Notes 1 and 2):
(a) PEG (M.W. 200,000).
(b) DEX (M.W. 20,000).

. 35 mm Petri dishes.

. Micropipette capable of dispensing volumes down to 0.1 pm

(see Note 3).

. Pure deionized water.

. Balance.

. Centrifuge.

. Clean bench.

. Non-shaking incubator with 100 % humidity.

10. Water bath adjusted to 37 °C.
2.2 ATPS for 1. ATPS components (sec Note 4):
Patterning Bacterial (a) PEG (M.W. 35,000).
Communities on (b) DEX (M.W. 500,000).
Epithelial Monolayers o . ) o
2. Petri dishes coated with a viable confluent epithelial cell mono-
layer or other cell type of interest (in our case, we used human
mammary epithelial cells, MCF 10a).
3. Suitable culturing medium for your epithelial cell line (we used
DMEM/F12 medium).
3 Methods
3.1 ATPS for 1. Dissolve PEG in the required non-sterile culturing medium
Patterning Bacterial (such as LB) (see Note 5) to a final concentration of 14 % (w/w).
G(_Jmmunities in Petri 2. Similarly dissolve DEX separately in a second container con-
Dishes taining non-sterile culturing medium, also to a final concentra-
3.1.1  Preparation of the tion of 14 % (w/w) (see Note 6).

Aqueous Two-Phase
System Solutions

. Independently stir the two solutions vigorously, and then

autoclave each solution to sterilize them.

. After cooling to room temperature, centrifuge both solutions

briefly to remove any insoluble components.

. Aseptically mix equal volumes of the two solutions.

6. Centrifuge the mixture at 3,000 x4 for 30 min at 4 °C.

. The mixture should separate into two phases—the upper PEG-

rich phase and lower DEX-rich phase. Note that the volume of
the DEX-rich phase will be less than that of the PEG-rich phase.

. Separate the two phases from each other, and discard the

interface.

. Both solutions can be stored aseptically at 4 °©C until needed.
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3.1.2 Suspending the
Bacteria in the DEX-Rich
Phase

3.1.3 Bacterial
Patterning and Biofilm
Formation

3.1.4  Biofilm Washing
and Analysis

3.2 ATPS for
Patterning Bacterial
Communities on
Epithelial Monolayers

3.2.1 Preparation
of ATPS Solutions

. Pre-warm the DEX-rich phase in a water bath to the appropri-

ate temperature.

. Centrifuge 1 ml of an overnight bacterial culture at 3,000 x g

for 5 min (RT).

. Discard the supernatant (se¢ Note 7).
4. Wash the bacterial pellet with 0.5 ml of the DEX-rich solution.
. Resuspend the pellet in the DEX-rich solution to give a final

OD of 0.05 (see Notes 8 and 9).

. Pre-warm the PEG-rich phase in a water bath to the appropri-

ate temperature.

. Aseptically fill the 35 mm Petri dish with 2.5 ml of the PEG-

rich solution.

. Using a conventional manual micropipette, dispense (see

Note 10) 0.3 pl droplets of the DEX-rich bacterial suspension
(see Note 11) at the desired positions.

. Incubate the plate under 100 % humidity and at a temperature

suitable for growth/biofilm formation according to your
strain (e.g., 37 °C in case of Staphylococcus aureus) (see Notes 12
and 13).

. After 24 h of incubation, the bacterial spot should be visible to

the naked eye (see Fig. 1).

. Submerge the plate gently in a water bath adjusted to 37 °C,

invert it, and incubate it upside down for 10 min.

. This will allow the ATPS solutions and the planktonic cells to

drain away by gravity while the attached biofilm will not.

. The resulting biofilms can be seen by the naked eye after stain-

ing with 0.1 % crystal violet (CV) for 20 min. Otherwise, it can
be analyzed under the microscope, particularly if the bacteria
are expressing a fluorescent protein.

. Add both PEG (M.W. 35,000) and DEX (M.W. 500,000) to a

suitable epithelial cell culturing medium (such as DMEM/
F12) (see Notes 4 and 14) at final concentrations of 2.5 and
3.2 % (w/w), respectively.

. Stir the mixture thoroughly to dissolve the two polymers

completely.

. Centrifuge the mixture at 3,000 x4 and 4 °C for 30 min.
4. This will yield an upper PEG-rich phase and a lower DEX-rich

phase.

. Separate the two phases, and filter-sterilize them individually

using a 0.22 pm syringe filter.

. Store both solutions at 4 °C until needed.
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Wash
& DEX Spot of Cyan

Stain fluorescing E. coli

S. aureus

Fig. 1 Schematic diagram describing the procedure used to pattern bacterial biofilms on polystyrene surfaces
in 35 mm Petri dish. (a) Prepare the DEX- and PEG-rich solutions in an appropriate culturing medium (e.qg.,
TSB). Resuspend the overnight bacterial culture in the DEX-rich phase at an 0.D. of 0.05. Fill the Petri dish
with 2.5 ml of the PEG-rich phase. (b) Dispense the DEX-rich droplet(s) containing your bacterial strain(s) at
the desired locations inside the PEG-rich phase. (c) After 24 h of incubation, the patterned bacterial com-
munities should be visible to the naked eye and can be analyzed under a microscope. The image shown on
the right represents a typical bacterial spot formed by E. coliMG1655 expressing the cyan fluorescent protein.
This image was taken using an inverted epifluorescence microscope (Olympus IX71) operated by Metamorph
software and connected to an Andor Luca 658 camera. (d) After washing the Petri dish to remove the ATPS
components and the planktonic cells, the plate was stained with crystal violet and observed. The central
photo shows a Petri dish with six patterned biofilms. The three biofilms on the right side were formed by
E. coliMG1655, while the three on the left side were formed by S. aureus KACC 10768. The two inset photos on
the rightand left corners show the CV-stained bright-field images for E. coliand S. aureus biofilms, respectively.
These images were taken using SZX16 stereoscope connected to a DP72 CCD 126 camera and operated by
DP2-BSW imaging software (Olympus). Scale bar: 200 pm

3.2.2 Suspending the
Bacteria in the P
DEX-Rich Phase

—

. Pre-warm the DEX-rich phase in a 37 °C water bath.

. Centrifuge 1 ml of overnight bacterial culture at 3,000 x g for
5 min.

3. Discard the supernatant.

4. Wash the bacterial pellet with 0.5 ml of the DEX-rich
solution.

5. Resuspend the pellet in DEX-rich solution to give a final OD
of 0.05.
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Fig. 2 Typical E. coli MG1655 community patterned on MCF 10a monolayer in 35 mm Petri dish using ATPS
technology. (a) A single E. coli MG1655 droplet in DEX-rich DMEM/F12 medium was spotted on MCF 10a
monolayer covered with PEG-rich medium in a 35 mm Petri dish. The plate was then incubated for 24 h at
37 °C. The bacterial community became visible to the naked eye after incubation as shown. The color of the
medium (due to the phenol red pH indicator added) was still red (not yellow and acidic as can occur when there
is bacteria overgrowth) despite the presence and growth of the bacterial community. This is due to the nature
of the ATPS culturing technique which limits the bacterial growth to only within the DEX droplet. (b) Confocal
microscopy image of the ATPS-derived E. coli community shown in Panel (a) after removal of the media and
gentle washing of the plate. For this experiment, E. coli expressed the DsRed fluorescent protein, which was
encoded on plasmid pHKT3 [19] The epithelial cells underneath were stained with calcein AM, which confers
green fluorescence. This image was taken using an LSM700 confocal microscope (Carl Zeiss) operated by ZEN
2009 software. Scale bar: 2 mm

3.2.3 Bacterial 1. Culture your epithelial cells as usual in 35 mm Petri dishes.
Patterning and Biofilm 2

. . After the epithelial cells form a homogenous, nearly confluent
Formation

layer (approximately 80 % confluent layer when observed
under optical microscope), aspirate the medium.
3. Pre-warm the PEG-rich phase in a 37 °C water bath.

4. Wash the epithelial monolayer with phosphate-buffered saline
(PBS) to remove any traces of antibiotics which could be present
in the culturing medium.

5. Fill the plate with 2.5 ml of the PEG-rich solution.

6. Using the conventional manual micropipette, dispense 0.3 pl
droplets in the desired positions inside the plate.

7. Incubate the plate at 37 °C for 24 h under 100 % humidity.

8. After 24 h of incubation, the bacterial spots (se¢ Note 15)
should be visible to the naked eye (see Fig. 2).

3.2.4  Biofilm Washing 1. Aspirate the medium from the plate gently without disturbing
and Analysis the formed bacterial communities.

2. Wash the plate gently with PBS.

3. The resulting biofilms and the underlying epithelial layer can be
analyzed under a microscope after staining with the appropriate
stains (see Notes 16 and 17).
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4 Notes

. The ATPS mixture described here was successful and convenient

in patterning bacterial biofilms on inanimate surfaces such as
polystyrene because the composition is far from the critical
concentration where the two phases become one. Thus, it pro-
vides stability and is suitable for long-term bacterial culturing
(>24 h). Whereas other ATPS mixtures can also be used, it
should be noted that mixtures employing high polymer
concentrations are more reliable for long-term cultures. On the
other hand, the viscous nature of these mixtures can affect
the convection and diffusion of the chemicals and ions inside
the dish. Furthermore, for ATPS patterning using manual
pipettes, the lower viscosity associated with lower concentra-
tions is preferred as the dispensing occurs quickly and accom-
modates a “less steady” hand during patterning.

. The ATPS mixture described here was not that successful upon

trying it on viable epithelial cell monolayers as it had a slight
but significantly deleterious effect on the viability of the epi-
thelial monolayer. Thus we had to use a different formula as
described below.

. The need for a micropipette capable of dispensing sub-

microliter volumes is to be able to pattern submillimeter-sized
bacterial communities. Otherwise, you can scale up the tech-
nique and dispense larger volumes, which will generate larger
bacterial communities.

. The ATPS mixture used here is much less viscous than the

previous one described. The reason for using this mixture here
is that the one listed in the first protocol slightly but signifi-
cantly affected the viability of the underlying epithelial layer in
a negative manner. In contrast, the mixture described here had
no adverse effect on epithelial cell viability.

. In the case where the media is supplied as a dehydrated powder,

such as LB or TSB, simply weigh the ATPS polymer, add the
required amount of the medium components, add the appro-
priate amount of water, mix thoroughly, and then autoclave.

. The concentrations of the ATPS components are given in (w,/w)

to ensure an accurate composition of the final ATPS phases.

. Discard as much of the culture supernatant as possible, and

take only the bacterial pellet to ensure that the composition of
the final DEX-rich solution is consistent and well defined.

. The initial OD does not have to be strict for many experiments

as it does not have a significant effect on the final biofilm
derived after 24 h of incubation. An initial OD of 0.05 was
chosen because it is commonly used in biofilm studies.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

Handle sterilized ATPS mixtures, and perform all the bacterial
patterning and incubations under aseptic conditions to avoid
contamination.

The final area of the biofilm can be changed by altering the
droplet volume. In our case, we tried volumes ranging from
0.2 up to 0.8 pl, which gave biofilm areas of about 0.5-
2.4 mm?, respectively. Also note that the area of spreading for a
given droplet volume will change with different ATPS formu-
lations and underlying surfaces.

Upon dispensing the bacterial droplets in the PEG phase, hold
the pipette vertically and try not to touch the bottom of the
plate. In fact, it is better to dispense the droplet just below the
PEG surface and allow it to settle down slowly by gravity. Also,
to ensure accuracy and the absence of air bubbles, press the
pipette plunger down to its lowest level (the expulsion volume
level) and take up the maximum amount of the bacterial sus-
pension from the DEX tube. Afterwards, upon delivering it to
the PEG phase, press down to the first level and then withdraw
the pipette. A portion of the bacterial suspension should still
remain within the tip and can be discarded.

Try not to move the Petri dishes after patterning, and, if neces-
sary, keep this to minimum and do it with caution to avoid
disturbance of the bacterial droplets.

Make sure that you incubate your Petri dishes under humid
conditions to avoid evaporation from the plate, which can distort
your ATPS composition and the resulting biofilms.

Make sure that the medium used for culturing the epithelial
cells is not supplemented with any antibiotic that can affect the
bacterial growth.

Note that the diameters of the final bacterial spots derived here
are bigger than those obtained in the previous protocol when
using the same droplet volume. For example, a 0.6 pl droplet
will generate a spot area of 27 mm?, compared to 1.3 mm?
upon using the previous protocol. This is attributed to both
the differences in the surface chemistry between the surfaces,
i.e., polystyrene and epithelial cells, as well as the different
ATPS formulation being used.

We recommend viewing of a video protocol showing the ATPS
patterning technique used when patterning mammalian cell
cultures as many of the procedures for patterning of bacteria
are analogous [18].

Note that you cannot pattern a large number of bacterial spots
within the same plate. Attempts to do so will cause the pH of
the medium to drop dramatically and the underlying epithelial
cells to die and detach from the surface. Using this protocol,
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we successfully patterned three E. colz droplets (at an initial
O.D. of 0.05 and volume of 0.3 pl) on MCF10a monolayer
inside a 35 mm Petri dish for 24 h without a dramatic change
in the medium pH or a loss in epithelial cell viability.
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Chapter 3

Quorum Sensing in Gram-Positive Bacteria: Assay
Protocols for Staphylococcal agr and Enterococcal
fsr Systems

Akane Shojima and Jiro Nakayama

Abstract

A thiolactone/lactone peptide-mediated quorum sensing (QS) system is commonly employed in
gram-positive bacteria to control the expression of a variety of phenotypes, including the production of
virulence factors and biofilm formation. Here, we describe assay protocols for the well-studied QS systems
(agrand fir) of two representative gram-positive pathogens, Staphylococcus aurens and Enterococcus foecalis.
These convenient assay systems are useful for the screening of QS inhibitors as well as for basic research to
address the mechanism of these QS systems.

Key words Quorum sensing, Staphylococcus aureus, Enterococcus faecalis, Gelatinase

1 Introduction

Quorum sensing (QS) is a common regulatory system in unicellular
microorganisms that is used to control the expression of a certain
phenotype in response to cell density. This regulatory system is
often mediated by signal molecules, leading to cell-to-cell commu-
nication networks. Through QS, bacteria orchestrate phenotypic
shifts, such as from planktonic to biofilm states or non-virulent to
virulent forms [ 1]. The signal molecules for QS can differ between
gram-positive and gram-negative bacteria, such as N-acyl homo-
serine lactones in gram-negative bacteria and peptides in gram-
positive bacteria, or they can be of a common type, such as Al-2
[1]. Among the diversified-structure peptides employed as QS sig-
nal molecules, the Agr-type autoinducing peptide (AIP) with a
thiolactone /lactone structure has been found commonly among
the low-GC gram-positive phylum Firmicutes [1, 2]. The agr QS
system was originally found in Staphylococcus aurens [3], and a
homologous QS system termed the fi7 system was consequently
found in Enterococcus faecalis [4]. Furthermore, the recent
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increasing availability of bacterial genome sequence data has
revealed the widespread presence of agr-type QS in Firmicutes,
including a number of clostridia and listeria, in addition to staphy-
lococci and enterococci [5].

S. awmreus controls the expression of a series of virulence-
associated proteins under the agr QS system [6]. The agr system is
encoded by an ag7BDCA operon. AgrD is processed by a cysteine
protease-like function of AgrB, and a cyclic peptide with thiolactone
is generated as an AIP. The AIP triggers the AgrC-AgrA two-
component regulatory system and activates the agrP3 promoter,
leading to the transcription of RNAIII that encodes 8-hemolysin.
RNAIII also acts as a regulatory RNA and eventually controls the
expression of a series of virulence genes by either transcription or
translation. E. faecalis employs the f57 system to control the expres-
sion of two pathogenicity-related extracellular proteases, gelatinase
(GelE) and serine protease (SprE) [4, 7]. Like the agr system, the
f37 system consists of an AIP propeptide (FsrD), a processing
enzyme (FsrB’), and the two-component sensor-regulator proteins
(FsrC-FsrA) [4, 7, 8]. However, the f57 gene cluster is divided into
two dependent transcriptional units (fi7A and fs7BDC operon),
and a cyclic peptide with lactone instead of thiolactone, named
gelatinase biosynthesis-activating pheromone (GBAP), functions
as the AIP [9]. The gelE—sprE promoter is directly controlled by
the FsrC-FsrA two-component regulatory system, instead of via
the RNAIII-like regulatory molecule.

The emergence of drug-resistant staphylococci and entero-
cocci, notably methicillin-resistant  S. awrens (MRSA) and
vancomycin-resistant enterococci (VRE), has complicated the
treatment of these bacteria because of the limited choice of effec-
tive antibiotics [10, 11]. Under this situation, anti-pathogenic
therapy targeting agr-type QS has attracted interest in terms of its
mode of action, whereby only the expression of virulence is sup-
pressed and without bactericidal action, leading to the selection of
surviving resistant strains. Thus far, a number of researches have
been conducted to develop QS inhibitors that target staphylococ-
cal agr and enterococcal f57 systems [12—-18]. While drug designs
of inhibitors of AIP signaling or AIP biosynthesis have been suc-
cessful [14-16], compound screening has successfully explored a
number of QS inhibitors [12, 13, 17, 18].

In this chapter, assay protocols for quantifying the QS activity
in 8. aureus and E. faecalis will be noted in detail. The staphylococ-
cal agr QS assay employs a dual-reporter strain, S. aurens 8325-4
(pSB2035), which develops luminescence and fluorescence in
response to an AIP stimulus [19]. This reporter strain allows for a
one-step assay in a multiwell plate, enabling the high-throughput
screening of QS inhibitors [18]. On the other hand, the entero-
coccal QS activity is measured by the enzymatic activity of the
chromosomally encoded gelatinase that is naturally regulated by
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the f57 QS system [9]. This assay is somewhat laborious because of
its two-step procedure, in which an enzyme assay is performed fol-
lowing culturing of the indicator strain. However, with this assay
system, a number of QS inhibitors have been screened while the
detailed molecular mechanism in the f57 system has been investi-
gated [12, 13].

2 Materials

2.1 Staphylococcal
Agr System

2.2 Enterococcal
fsr System

1. Bacterial strains: S. aunrens 8325-4 (pSB2035) and S. awureus
126007" (see Note 1).

2. Culture media: Luria-Bertani (LB) broth (10 g of tryptone,
5 g of yeast extract, and 10 g of NaCl per liter; autoclaved at
121 °C for 15 min). Chloramphenicol (7 pg/mL) is added to
the medium for S. aurens 8325-4 (pSB2035).

3. Cell washing bufter: PBS (8 g of NaCl, 0.2 g of KCl, 2.9 g of
Na,HPOy, and 0.2 g of KH,POy per liter; pH 7.4; autoclaved
at 121 °C for 15 min).

4. Multi-mode microplate reader: Infinite F200 Pro (Tecan)
(see Note 2).

5. Microplate (see Note 3).

1. Bacterial strain: E. faecalis OGLREF or E. faecalis OU510.

2. Culture medium: Dissolve 36.4 g of Todd Hewitt Broth
(THB, Oxoid) per liter of water, and then autoclave it at
121 °C for 15 min.

3. Azocoll (see Note 4): (1) Suspend 250 mg of azocoll substrate
(Azocoll™ substrate, 50 or 100 mesh: Calbiochem) in 50 mL
of 50 mM Tris—-HCI (pH 7.8) containing 1 mM CaCl, (see
Note 5). (2) Leave to stand for 90 min at 37 °C. (3) Filter the
suspension through an Advantec No.2 filter paper (discard the
filtrate). (4) Wash the residue on the filter paper with 50 mL of
50 mM Tris—HCI containing 1 mM CaCl, (see Note 6).

4. Microtube mixer: Shaker SN-30B (Nissin Scientific Corp.,
Tokyo, Japan) (see Note 7).

5. Microplate absorbance reader: Sunrise (Tecan).

3 Methods

3.1 Staphylococcal
Agr System

S. aureus 8325-4 (agr group 1) was transformed with pSB2035,
which encodes the Photorbabdus luminescens luciterase gene cluster
(luxABCDE) and the enhanced green fluorescence gene (g/p)
under the ag7P3 promoter. The transtormant, 8325-4 (pSB2035),
autoinduces luciferase and GFP in a QS fashion [19]. By culturing
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3.2 Enterococcal
fsr System

this strain with the sample, both QS-enhancing and QS-inhibitory
activities can be measured (Fig. 1). Since the Photorhabdus luciter-
ase demands flavin mononucleotide as a cofactor, the luminescence
depends on metabolic activity in addition to QS activity. Therefore,
the other index, GFP, should also be measured for the screening
study and so forth.

1. Preculture: S. anrens 8325-4 (pSB2035) and S. aureus 12600*
are cultured overnight in LB broth, at 37 °C with gentle
agitation.

2. Samples to be tested for QS induction or suppression are dis-
pensed into wells of a 96-well microplate (see Note 8). For the
dose-response experiment, a serial dilution is prepared, as
shown in Fig. 1.2.

3. Overnight cultures of S. awurens 8325-4 (pSB2035) and
S. aurens 126007 are diluted 1:100 in fresh LB broth, and then
200 pL is dispensed into each well of a microplate.

4. The microplate is set in the plate reader and incubated at 37 °C
with shaking (se¢ Note 9).

5. The ODg, and luminescence are measured at certain intervals
(see Note 10 and Fig. 1.3 for data example).

6. For measurement of fluorescence, the culture is transferred
into a 1.5-mL microtube, and cells are harvested by centrifu-
gation at 13,000x 4 for 2 min. The supernatant is removed,
and the cells are washed with 200 pL of PBS. After repeating
this washing process two times, the cells are suspended in PBS
and dispensed into each well of a microplate (black wall). Then,
the fluorescence is measured at the excitation wavelength of
485 nm and emission wavelength of 535 nm (see Note 11).

E. faecalis OGIREF is a gelatinase-positive strain, in which gelatin-
ase production is autoinduced by endogenous GBAP. Since this
QS system starts at the mid-log phase and continues to the late-log
phase, the gelatinase activity in the late-log-phase culture superna-
tant represents its QS activity [9]. E. faecalis OU510 is a GBADP-
negative, but GBAP-responsive, strain. By culturing this strain
with the sample and measuring the induced gelatinase activity, the
GBAP activity of the sample can be titrated [13] (Fig. 2).

1. E. faecalis OGIRF or OU510 is cultured overnight in THB
medium, at 37 °C with gentle agitation.

2. Samples to be tested for Fsr QS are dispensed into 1.5-mL
microtubes (see Note 12).

3. The overnight culture of E. faecalis is diluted 1:100 in fresh
THB medium.


http://dx.doi.org/10.1007/978-1-4939-0467-9_1#Fig2
http://dx.doi.org/10.1007/978-1-4939-0467-9_1#Fig3
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1. Assay procedure

S. aureus 8325-4 (pSB2035) Detection of luminescence Detection of fluorescence
+ sample at 1 hinterval excitation at 485 nm/emission at 535 nm

12222

- et e [t d J/ Wash cells

Transfer to
black plate

2. RESULT (titration of QS promoting

or inhibitory activity) 3. RESULT (time course)
900
800 | —e- w/osample
'LF: 700 | -o- Negcont.
é 600 | * +inhibitor
A ‘s 500
B AR c g 400
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¢ + 4+ 4+ 3 g 300
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time (h)

*S. aureus 12600 w/o sample

Fig. 1 Assay for the staphylococcal agr QS system. (7) Assay procedure. S. aureus 8325-4 (pSB2035) is dis-
pensed into each well of a microplate containing tested sample and cultured. Cell growth (ODg,) and lumines-
cence of luciferase are monitored in a plate reader. When cell growth reaches appropriate phase, cells are
harvested and washed. Then, the fluorescence of cells is measured in the plate reader. (2) Examples of agr QS
promoter or inhibitor titers. In the upper rows in columns 2-5, more luminescence (whiter in this illustration)
is observed compared with the control without sample in column 6, which is indicative of the agr-inducing
activity of samples applied in columns 2-5. On the other hand, in the upper rows in columns 7-10, less lumi-
nescence (darker in this illustration) is observed compared with the control in column 6, which is indicative of
agr-inhibitory activity. (3) Example of time-course data. The closed circle represents the luminescence of the
positive control (S. aureus 8325-4 (pSB2035) without sample). This datum indicates that the QS of this strain
is at its maximum at 5 h after inoculation. The closed triangle represents the luminescence of the inhibitor. The
open circle represents the luminescence of S. aureus 126007 as a background of S. aureus cells

4. Five hundred microliters of the culture is dispensed into the
1.5-mL microtube containing the sample.

5. The tubes are cultured for 5 h at 37 °C, with shaking at
120 rpm.

6. After 5 h, 200 pL of the culture is dispensed into each well of
a 96-well flat-bottom microtiter plate and the cell growth is
measured at ODyg,.

7. The rest of the culture in the microtube is centrifuged at
9,100 x g for 5 min.

8. Eight hundred microliters of azocoll solution is dispensed into
a new 1.5-mL microtube and preincubated by shaking at
170 rpm and 37 °C for 15 min.
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1. Assay for fsr inhibitor

Overnight culture Add supernatant
of E. faecalis OG1RF to azocoll inhibitior control

+ SAMPLE ODéz0 Ao Asao

! l T (|

Centrifuge
—_— | — > >
Incubation for Centrifuge Incubation for
5h at 37°C 4h at 37°C | |
2. Assay for GBAP titration
- Add supernatant
Overnight culture
of E. faecalis OU510 oD to azocoll control GBAP
+ SAMPLE b Asao Asqo
Centrifuge
_— . — > =
Incubation for Centrifuge Incubation for '
5h at 37°C 4h at 37°C ]

Fig. 2 Procedures for assaying the fsr inhibitor (7) and the GBAP titer (2). An overnight culture of E. faecalis
OG1RF or 0U510 is cultured with samples for 5 h at 37 °C. After 5 h, the culture supernatant is added to azocoll
solution and incubated for 4 h at 37 °C. Then, the supernatant is measured at ODs,4, for gelatinase activity

9. Forty microliters of the culture supernatant is added to the
azocoll suspension, and the mixture is shaken at 170 rpm and
37 °C for 4 h.

10. After 4 h, the azocoll suspension is centrifuged at 20,400 x 4
for 5 min.

11. Two hundred microliters of the supernatant is dispensed into
the wells of a 96-well microtiter plate, and the absorbance is
measured at ODsy (se¢ Note 13).

4 Notes

1. S. aurens 126007 is used to obtain the background values of
luminescence and fluorescence of S. aureus cells.

2. This microplate reader is equipped with multiple detection
modes of luminescence, fluorescence, and absorbance and a
plate shaking and heating system. With this system, the lumi-
nescence and fluorescence from bacterial cells are measured in
real time while culturing the bacteria at 37 °C under a certain
aerobic condition.
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11.

12.
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. The plate with a transparent bottom must be used when cell

growth is being monitored by absorbance in real time. A white
wall plate should be used for luminescence, whereas a black
wall plate should be used for fluorescence.

. Azocoll, which is an Azo dye-impregnated collagen, is used as

a gelatinase substrate [20]. The peptide fragments that have
been solubilized upon proteolysis are quantified by measuring
the Asyg of the supernatant.

. The 500 mM CaCl, solution is sterilized by filtration and is

then mixed with Tris—HCI buffer immediately before use. (For
long storage periods, the CaCl, solution should be stored in a
plastic tube instead of glassware.)

. The azocoll suspension can be stored at 4 °C for up to 2 weeks.

. This is like a cocktail shaker for microtube to keep azocoll resin

suspended in the microtube.

. The outermost wells in the plate should not be used for sam-

ples because the liquid is easily evaporated. It is best to fill
medium into the outermost wells in order to suppress the
evaporation in the inner wells. A lipophilic substance can be
dissolved in methanol before application. Up to 5 % of metha-
nol at final concentration can be applied. If the methanol in the
sample is higher than 5 %, the excess methanol can be evapo-
rated in a speed-vac concentrator before adding the sample to
the reporter strain culture.

. Shaking conditions, such as rotation rate, rotation mode

(reciprocal or rotational), and swing amplitude, should be
optimized for your experiment.

Since QS expression depends on the culture condition and the
luminescence of luciferase is transient, the expression of QS
should be monitored at a certain interval, such as every 1 h.

The luciferase luminescence in the cell depends on flavin
mononucleotide. Therefore, the luminescence intensity
depends on the metabolic activity in the cells. In order to
check for false-positive QS inhibition due to the suppression
of primary metabolism, the GEFP fluorescence, which directly
reflects the agrP3 promoter activity, should be measured
simultaneously. Because LB broth shows a high background
of fluorescence, it is better to remove and wash the medium
for accurate and high-sensitivity assays. Since GFP fluores-
cence is sustainable in living cells for at least a few hours,
a time lag is allowed after the luminescence has reached
its maximum.

A lipophilic substance can be dissolved in methanol before
application. Up to 1 % of methanol at final concentration
can be applied. If the methanol is higher than 1 %, the excess
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methanol can be evaporated in a speed-vac concentrator
before adding the sample to the reporter strain culture.

13. For data example, see refs. 12, 13.
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Chapter 4

Advanced Techniques for In Situ Analysis of the Biofilm
Matrix (Structure, Composition, Dynamics) by Means
of Laser Scanning Microscopy

Thomas R. Neu and John R. Lawrence

Abstract

The extracellular constituents in bioaggregates and biofilms can be imaged four dimensionally by using
laser scanning microscopy. In this protocol we provide guidance on how to examine the various extracel-
lular compartments in between microbial cells and communities associated with interfaces. The current
options for fluorescence staining of matrix compounds and extracellular microhabitats are presented.
Furthermore, practical aspects are discussed and useful notes are added. The chapter ends with a brief’
introduction to other approaches for EPS analysis and an outlook for future needs.

Key words Biofilm, Bioaggregate, Biofilm matrix, Extracellular polymeric substances (EPS), Confocal
laser scanning microscopy (CLSM), Laser scanning microscopy (LSM), Fluorescence, Fluorescence
lectin-binding analysis (FLBA)

1 Introduction

Today laser scanning microscopy (LSM) represents a well-
established technique for structure—function studies of microbial
aggregates and films. The main reason for applying LSM is its
three-dimensional sectioning capability of fully hydrated, living,
thick microbial communities. The LSM approach allows multi-
channel imaging of cellular and extracellular constituents. In addi-
tion there are a variety of probes for the microenvironment. Due
to the specificity of fluorochromes and fluor-conjugated probes
analytical details can be extensive. With modern instruments up to
five different parameters can be recorded simultaneously or sequen-
tially. The two-dimensional digital image series recorded may be
examined by multidimensional visualization or semiquantitatively
analyzed. Additional information on basic aspects of LSM and how
to apply LSM for examination of microbiological communities has
been presented elsewhere. The reader is referred to a number of
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Table 1
Review articles on the application of laser scanning microscopy
in different areas of microbiology and biofilm research

Topics Reference
First overview on CLSM applications [88]
Medical biofilms [89]
Medical biofilms [90]
Environmental applications [91]
Comprehensive review of CLSM [92]
CLSM methodology [93]
Short CLSM overview [94]
Medical biofilms [95]
Structured CLSM approach [96]
Environmental applications [97]
CLSM in soil microbiology [98]
CLSM immuno/molecular techniques [99]
One-photon LSM versus two-photon LSM [100]
Spatiotemporal approaches [101]
Environmental applications [102]
CLSM techniques and protocols [103]
CLSM of aggregates [104]
CLSM of microbes on hydrocarbons [105]
CLSM-MRI-STXM [106]

other reviews discussing the applicability of LSM for analysis of
microbial communities at interfaces (Table 1).

Microbial biofilm systems are composed of microbial cells and
their polymeric compounds which they produce and release into
extracellular space. The topic of extracellular polymeric substances
(EPS) was first compiled in a comprehensive book discussing the
state of the art at the time [1]. More recently the EPS topic was
comprehensively discussed by reviewing the major publications in
the field [2]. The theme was picked up again in an article elaborat-
ing on different aspects of the biofilm matrix [3].

To start with we first have to define the various constituents
present in between microbial cells in bioaggregates and biofilms.
These are generally known as EPS although the acronym EPS has
been defined in several different ways [2, 4]. Further the view of



Biofilm Matrix Analysis 45

what makes up EPS has changed over several decades of biofilm
research. Initially the idea was that only polysaccharides and
proteins are present. In the meantime it is acknowledged that
many different constituents are present in the extracellular space.
These include various types of polysaccharides, a range of different
proteins, extracellular nucleic acids, amphiphilic compounds,
extracellular membrane vesicles, as well as bacteria-derived refrac-
tory compounds [2, 3, 5]. All of these constituents are involved in
the functionality of the matrix in between bacteria. The issue of
matrix function has been summarized in a still-evolving concept
regarding the roles of EPS compounds [2]. Due to the biochemi-
cal diversity of EPS constituents it is impossible to use a single-
staining approach. EPS imaging and analysis require targeting
each specific group of biochemical compounds separately.
Consequently we have to distinguish different staining procedures
for each type of EPS. The main targets for fluorescence staining
comprise glycoconjugates, diffevent proteins, nucleic acids, lipophilic
compounds, as well as microbabitats. At this point it should be
mentioned that a major challenge of fluorescence staining will be
the separation of extracellular signals from signals derived from
microbial cells or cell surfaces.

In order to properly apply fluorochromes in epifluorescence or
laser scanning microscopy, their absorption and emission spectrum
should be established. In many cases only the excitation and emis-
sion maxima are published. This is however not sufficient for
optimal staining and imaging especially if combinations of fluoro-
chromes are used. Issues may arise due to the laser lines available
(excitation) or potential cross talk between two channels (emis-
sion). On the other hand with new super-continuum light sources
(white lasers) the maximum of the absorption peak can be excited.
Despite these remarks, in the protocols below the excitation and
emission maxima are given for simplicity. In any case each instru-
ment is equipped with particular combinations of lasers on the
excitation side. Similarly on the emission side different filter cubes,
a spectral photometer, or an array of PMTs might be available. As a
result the settings which have to be selected or defined are different
at each individual instrument for the same application. A useful
tool in this respect is a spectra viewer offered by some institutes
and companies:

http: //probes.invitrogen.com /servlets /spectraviewer

http: //www.bdbiosciences.com /research /multicolor/spectrum_
viewer/index.jsp

http://www.ebioscience.com /resources/fluorplan-spectra-
viewer.htm

https: //www.micro-shop.zeiss.com/2s=20002666494270&I=
en&p=de&f=f&a=i

https: //www.mcb.arizona.edu/ipc/fret/index.html
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In addition, each instrument has the option for running a
lambda scan. This option records the emission signal at a defined
interval across the whole emission range. Instruments with tradi-
tional laser sources allow a lambda emission scan at a selected laser
line, whereas instruments with a super-continuum light source can
do both a lambda emission and a lambda excitation scan.

Clearly there is a desire to have a single probe for the overall
biofilm matrix. In fact there was one attempt to image the com-
plete matrix indirectly via the reflection of potassium permanga-
nate (US patent 7,871,791 B2 from 18.01.2011). However, to
the best of our knowledge, the technique is not widely used in the
field of biofilm research. Rather than a general probe, and due to
the complexity of the biofilm matrix, currently it might be more
appropriate to aim at probes for the individual matrix constituents
and the matrix microhabitats. This calls for a correlative approach
using multiple fluorescent probes which may finally allow the
simultaneous or the sequential imaging of several matrix constituents
of interest. Despite this need, there is not even a single fluorescent
probe for staining, e.g., all the polysaccharides within a biofilm
matrix. Consequently there is still a requirement for new fluoro-
chromes and probes which will target different matrix constituents
and matrix microhabitats.

From the technical side, LSM will remain the first method of
choice as the samples can be imaged in the hydrated state and
multiple channels. In addition sample mounting allows many
options for examination of bioaggregates and biofilms (coverwell
chamber, coverslip chamber, Petri dish, flow cell, etc.). In terms of
high-resolution new imaging, the so-called nanoscopy techniques
are available. Compared to LSM with about 250 nm resolution,
they allow imaging at a resolution of 120 nm (structured illumination
microscopy), 80 nm (stimulated emission depletion microscopy),
and 30 nm (localization/stochastic/blink microscopy). Although
these techniques allow high-resolution imaging, the sample has to
adapt to the technical requirements, e.g., for mounting, and there
are a number of other trade-offs [6]. In addition, other new
emerging techniques will offer analytical imaging in a new dimen-
sion. By chemical imaging using confocal Raman microscopy/
spectroscopy, nanoSIMS, and synchrotron imaging (STXM) new
insights into the complex polymer matrix of microbial communi-
ties may be gained [7-10]. Again, due to sample and mounting
limitations these advanced chemical imaging techniques are ideally
combined with traditional LSM. By applying a combined
approach using sophisticated probes for EPS constituents com-
bined with LSM, nanoscopy, and chemical imaging, this complex
scaffold of extracellular space, its variable biochemistry, as well as
its function and dynamics should become more accessible and
understandable.
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2 Materials

2.1 Polysaccharides

2.1.1  Calcofluor
White M2R

2.2 Glycoconjugates

There is no general fluorescent stain for all polysaccharides with
only two exceptions. However, it should be clear that these two
options are working with specific types of polysaccharides only. For
example calcofluor white (CFW) can be used for staining polysac-
charides such as f-D-glucans having a (1 —3) or (1 —4) linkage
(see Notes 1 and 2). From experience, in rare cases, this UV fluo-
rochrome is sometimes useful for staining biofilms but only if
exactly this type of polysaccharide is present. The same binding
specificity is true for Congo red which may be used instead of CFW.

1. Add 35 mg of CFW to 7 ml water.

2. Add a few drops of 10 N NaOH in order to dissolve CFW; the
pH should be at 10 or 11.

3. Add water to have a final stock solution of 10 ml.
4. Prepare aliquots and store at —20 °C in the dark [11].

5. If the high pH is an issue, CFW may be directly dissolved in
water and remaining crystals removed by centrifugation.

In biofilms glycoconjugates are present at the bacterial cell surface,
e.g., in the form of lipopolysaccharides or lipoteichoic acids, more
extended as capsule or sometimes as adhesive material detectable as
microbial “footprints” [12, 13]. In addition these glycoconjugates
act to link bacterial cells, microcolonies, biofilms, bioaggregates, as
well as forming microbial mats. In biofilm systems glycoconjugates
may also appear as cloud-like structures devoid of cells as a result
of bacterial detachment and dispersion. These glycoconjugates can
be probed using lectins which are non-immunogenic proteins hav-
ing a specificity for carbohydrates [14]. In most cases lectin speci-
ficity is not for a monosaccharide but for a di- or rather an
oligosaccharide with a defined three-dimensional conformation.
Fluor-labelled lectins currently represent the only probe which can
be used for in situ staining of glycoconjugates in microbiological
samples from the environment (Fig. 1). Only if pure culture or
defined mixed culture studies are examined, fluorescently labelled
antibodies may be applied for specific staining of cell surface anti-
gens or extracellular carbohydrate antigens. This approach was
heavily used by the research groups of Hartman (roots) and
Kolenbrander (oral). Sample references of interest may be the fol-
lowing [15-23]. The general methodology as well as a critical
examination of the lectin technique have been reported previously
[24, 25]. The best approach for an unknown sample is to run a
lectin screening with all the commerecially available lectins for iden-
tification of a useful panel of probes [26-29] (Fig. 2). The suit-
ability of lectins for selectively targeting and differentiating
glycoconjugates was demonstrated using three different lectins for
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Fig. 1 Fluorescence lectin-binding analysis (FLBA) of biofilm systems from a variety of different habitats
(some of the lectins were identified during a screening with all commercially available lectins as being useful
for a particular biofilm): (@) Biofilm on pumice from a fluidized bed reactor showing two types of cell clusters,
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detection of microhabitats within bacterial microcolonies [30].
Similarly lectins were used to identify the various adhesive glyco-
conjugates of Deinococcus geothermalis microcolonies and biofilms
[31, 32]. The lectin approach is now termed fluorescence lectin-
binding analysis (FLLBA) which usually involves an initial lectin
screening and subsequent staining with a panel of suitable lectins
(see, e.g., ref. 27).

2.2.1 Fluorescence 1. FLBA requires the user to obtain commercial lectins labelled
Lectin-Binding Analysis with fluorochromes.

2. The lectins are either labelled with traditional fluorochromes
(e.g., FITC, TRITC) or with newly developed fluorochromes
(e.g., different types of Alexa).

3. Lectins are supplied by Sigma-Aldrich, Vector Laboratories,
EY Laboratories, Invitrogen, and some other biochemical
companies.

4. If the lectin is only available without a fluorescence label, it
may be conjugated with fluorochromes using commercial
labelling kits, e.g., from Invitrogen, Pierce, Dyomics, AttoTec,
and Abberior.

5. The fluorescence labelling is straightforward. Just follow the
protocol supplied with the kit.

6. Using this approach, a fluorochrome with a particular property
(excitation/emission) can be attached to the lectin matching a
possible autofluorescence of the sample or for use with other
fluorochromes (e.g., nucleic acid specific) being applied.

7. Lectins may also be labelled using quantum dots if an extremely
stable fluorescence is needed.

<

Fig. 1 (continued) with and without producing lectin-specific glycoconjugates. The granule was stained with
AAL-Alexa488 lectin (green) and Syto 60 (red). (b) Biofilm from a rotating annular reactor shown as 3D isosur-
face projection. The biofilm produced strands of polymer (streamers) which are colonized by other bacteria.
The biofilm was stained by AAL-Alexa488 lectin (green) and Syto 60 (red). (c) Biofilm from a creek showing
reflection of minerals (white), autofluorescence of cyanobacteria (pink), and WGA-FITC lectin staining (green).
The autofluorescence of cyanobacteria (phycobilins/chlorophyll A) results in an overlay of the two signals.
Please take notice of the lectin-stained sheath of cyanobacteria, many of which are empty. (d) Biofilm from a
tube reactor shown as 3D isosurface projection. The base biofilm was embedded in glycoconjugates (semi-
transparent), whereas the filamentous overlaying bacteria did not bind this particular lectin. The biofilm was
stained by AAL-Alexa488 lectin (green) and Syto 60 (red). (e) Algal microcolony of an aggregate shown as
maximum intensity projection. Please take notice of the differential staining of three glycoconjugate types by
the AAL-Alexa488 lectin. The lectin stained the outer sheath of algae, the direct cell surface of algae, as well
as the connections between individual algal cells. (f) Aggregate from the river Danube shown as 3D isosurface
projection. The aggregate was stained with PhaE-Alexa633 lectin (b/ue) and SybGreen (green). (g) Cryosection
of a rotating annular reactor biofilm shown as shadow projection. The sample was stained before sectioning
with AAL-Alexa-488 lectin and Syto 60. (h) Phototrophic biofilm from a flow lane setup shown as shadow
projection. The bacteria developed into a netlike structure stained with ACL-Alexa488 lectin
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Fig. 2 Fluorescence lectin-binding analysis (FLBA) applied to river biofilms shown as maximum intensity projec-
tion: (a) Result of the sequential imaging of a triple-labelled microbial sample using the nucleic acid stain Syto9
(green), the hydrophobic lipid-sensitive stain Nile red (req), and polysaccharide using the lectin of Ulex euro-
paeus-CY5 (blue). (b) Bacterial microcolony stained with the lectins Wisteria floribunda-FITC (green), Lens
culinaris-TRITC (rea), and Canavalia ensiformis-CY5 (blue/not detected). (¢) Bacterial microcolonies stained
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2.3 Proteins For highly sensitive detection of proteins in electrophoresis gels
different fluorescent stains are available. These stains may also be
used on microbiological samples. The Sypro Red stain has been
demonstrated to be suitable for measuring protein content of
bacterial samples by means of flow cell cytometry [33]. We have
found Sypro fluorochromes to be useful for staining detailed
structural features in microbial communities in combination
with CLSM [7, 34, 35]. Basically Sypro stains will bind to extra-
cellular proteins but also to proteins at the cell surface. As a
result the bacterial cells show an outer boundary staining. If cell
surface and extracellular protein must be distinguished, counter-
staining using permeable nucleic acid-specific fluorochromes
may be necessary.

231 Sypro 1. Sypro protein stain is available as Sypro Orange, Red, Ruby,
Tangerine (Invitrogen), all of which have different excitation/
emission properties.

2. We have had good experience with Sypro Orange and Red on
various microbiological sample types.

3. Other protein-specific fluorochromes are supplied by, e.g.,
Bio-Rad and GE-Healthcare.

2.4 Amyloids There is an emerging awareness that amyloids may represent the
major proteinaceous component of the EPS matrix. They show a
characteristic structure with p-sheet-rich fibers. These types of
proteins have been described using other terms as well, for exam-
ple curli, tafi, chaplins, harpins, hydrophobins, or repellents.
Amyloids have been suggested to function as a structural com-
pound, toxin, surface-active fiber, genetic material, adhesin, and
host mimetics [36, 37]. Amyloids in biofilms can be imaged by
using different staining strategies, either directly with fluoro-
chromes or via p-sheet-specific antibodies [38]. Amyloids are also
discussed as functional amyloids not only in bacteria but also in
yeasts [ 39—43].

1. Thioflavin T is usually applied for direct staining [44].

2. Conformation-specific antibodies, such as WO1 and WO2
[45], are available for antibody staining.

<

Fig. 2 (continued) with lectins Ulex europaeus-FITC (green), Phaseolus coccineus-TRITC (red), and Lens
culinaris-CY5 (blue). (d) Bacterial microcolony stained with Wisteria floribunda-FITC, Lens culinaris-TRITC,
and Canavalia ensiformis-CY5. (e) Bacterial microcolony after staining with ELF97-phosphatase (green),
Phaseolus vulgaris-TRITC (red), and Arachis hypogaea-CY5 (blue); note green fluorescence in the surrounding
EPS; arrows indicate the location of blue cells. (f) Biofilm stained with 100 nm sulfonated (red) and 100 nm
carboxylated (green) latex beads as well as Arachis hypogaea-CY5 lectin (blue). Scale bars=5 pum unless
otherwise specified
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2.5 Enzymes

2.6 Extracellular
Nucleic Acids

2.7 Amphiphilic
Gompounds/Outer
Membrane Vesicles

There are many enzyme assays which are fluorescence based. With
respect to laser microscopy the problem is diffusion of the fluores-
cent enzyme product to be recorded. However, there is one par-
ticular assay perfectly suited to examine the sample by means of
LSM. The ELF 97 phosphatase assay results in an enzyme product
which will precipitate at the point of enzyme activity. One of the
first applications in microbiology was reported for activated sludge
flocs [46]. Later the assay was used to measure phosphatase pro-
duction of bacteria in photosynthetic biofilms [47]. Other studies
have applied the ELF 97 phosphatase assay to marine [48] and
freshwater [49-51] plankton samples. In addition, the ELF
approach was employed to localize phosphatase activity in arbuscu-
lar mycorrhizal fungi [52].

1. ELF 97 phosphatase kit (Invitrogen).

Extracellular nucleic acids have been known for a long time to be
part of microbial communities (e.g., refs. 53, 54). However, a
short publication in science [55] triggered a rush into studies of
extracellular DNA (eDNA) in microbial communities. In the
meantime it is accepted that eDNA has a crucial role in biofilm and
bioaggregate development and dynamics. In order to image eDNA
principally all cell-impermeable nucleic acid-specific fluorochromes
can be used. However, in most reports 7-hydroxy-9H-(1,3-
dichloro-9,9-dimethylacridin-2-one) (DDAO) has been selected
as the preferred fluorochrome for staining e DNA [56, 57].

1. DDAO from Invitrogen.

Microorganisms release a range of different amphiphilic com-
pounds which may be involved in microbial interaction with inter-
faces and each other [58]. These surface-active and lipophilic
compounds may have low molecular weight or they can be poly-
meric as for example emulsan produced by Acinetobacter [59]. At
a certain concentration they may aggregate and form lipophilic
compartments. In addition, it has been known for a long time that
bacteria release lipid vesicles from the cell surface. These are called
outer membrane vesicles (OMVs) or just membrane vesicles
(MVs). However, only a recent publication has brought this aspect
into the context of EPS and their functionality [60]. In any case,
most of the literature published to date has only used electron
microscopy for imaging MVs. Only in one report FITC was used
to visualize MVs although at low resolution [61]. Nevertheless, for
both amphiphiles and MVs, the same lipophilic fluorescent stains
may be applied, for example those binding to lipid vesicles (e.g.,
Nile red), fluorochromes intercalating with membranes (e.g., FM
dyes) or other lipophilic fluorochromes:

1. Nile red (e.g., from Sigma Aldrich).
2. FM 1-43 and FM 4-64 (Invitrogen).
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3 Methods

3.1 Polysaccharides

3.2 Glycoconjugates

3.2.1  Fluorescence
Lectin-Binding Analysis
(See Notes 3-6)

1. Apply a few drops of CFW to the sample and incubate for
10 min.

2. Rinse sample once to reduce background signal and obtain
higher contrast.

3. Imaging can be done with a UV laser at 365 nm (strong CFW
emission) or with a 405 nm laser diode (weaker CFW emission).

Lectins are usually delivered freeze-dried in portions of 1 mg. This
is also the preferred form, since it eliminates unnecessary handling
of these toxic materials (see below). Add 1 ml of water to dissolve
the original sample and dilute 1:10 with the appropriate buffer or
water (see Note 7). For some lectins a special lectin buffer is
required [62]. Cover the samples with a few droplets of the lectin
solution and incubate for 20 min in the dark at room temperature.
The sample then has to be destained by carefully removing the
unbound lectin. Washing of the sample has to be repeated four
times. For lectin staining and removal of unbound lectins different
procedures can be used:

1. With delicate biofilms the lectin solution can be carefully added
to the biofilm surface, later the lectin solution is removed by
drawing it oft using a filter paper, and then new buffer or water
is added and removed again (see Note 8).

2. Biofilms in flow cells may be stained by pumping the lectin
solution into the flow cell, and then the lectin can be flushed
out again with buffer or water by using the pump at the same
speed.

3. If the biofilms are solid, developed at high shear force, the
lectin solution can be added and flushed off using a Pasteur
pipette.

4. Biofilms on solid particles (e.g., sand or aquifer material) can
be stained in tubes where they will settle at the bottom; to
remove the unbound lectin the supernatant is carefully drawn
off using a pipette (glass, Pasteur, or pl pipette), and then buf-
ter or water is added.

5. Aggregates can be stained in tubes (e.g., Eppendort tubes);
usually the aggregates will settle at the bottom of the tube,
then the supernatant can be caretully removed, and new bufter
or water added; if the aggregates do not settle they can be spun
down using a small tabletop centrifuge at low speed.

6. Very delicate, non-washable samples may be stained with a
lower lectin concentration, e.g., at a dilution of 1:100 or
1:1,000. Incubation time should then be extended up to
60 min or longer; this will avoid destaining although some
background signal has to be accepted.
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3.3 Proteins

3.3.1  Sypro

3.4 Amyloids

3.4.1 Thioflavin T

34.2 Wo1Wwoz
Antibodies (See Note 12)

3.5 Enzymes

. Take 5 pl of Sypro, and dilute it in 5 ml buffer or water

(see Note 9).

2. Add a few droplets to the sample and incubate for 15 min.

. The sample can be directly examined using the appropriate set-

tings at the epifluorescence microscope (inspection by eye) or
laser microscope (data recording) (see Note 10).

. Excitation /emission:
Sypro Orange 470/570 nm
Sypro Red 550,/630 nm
Sypro Ruby 450/610 nm
Sypro Tangerine 490,/640 nm

The staining of amyloids in biofilms as described originates from
the first publication on amyloids in biofilm systems [38].

1.

In biofilms a thioflavin T concentration of 1.5 pM (E. coli) and
7.5 pM (natural biofilms) has been used.

. The thioflavin solution is added to the cells or the biofilms and

incubated for 5-10 min.

. Samples do not require washing since the emission of bound

stain is shifted from that of unbound (385 nm) (se¢ Note 11).

. The excitation maximum of thioflavin T upon binding to the

fibrils is at 450 nm, and the signals from the sample can be
recorded from 460 to 550 nm.

. First the sample has to be treated with a blocking agent. 1 %

gelatine can be used as BSA interferes with fluorescence in situ
hybridization.

. The monoclonal antibodies WO1 and WO2 are developed in

mouse spleen. They are added at a concentration of 10 nM
with Tween 20 (0.05 %), and samples are incubated for 2 h.

. The primary antibody is washed off with PBS /gelatine (with

0.1 % Triton) and resuspended in the same solution containing
1:256 working dilution of a fluor-conjugated second IgM anti-
body with 0.025 % Tween 20.

. Then the sample is incubated for 1 h and washed again three

times with PBS containing 0.1 % Triton X-100.

The ELF 97 phosphatase kit may be applied as suggested by the
company’s protocol. However, other protocols have been pro-

posed for detection of extracellular phosphatase in plankton sam-
ples [50, 51].

1.

The ELF 97 phosphatase substrate is diluted 20x and filtered
to remove precipitates (see Note 13).



3.6 Extracellular
Nucleic Acids

3.7 Amphiphilic
Gompounds/Outer
Membrane Vesicles
(See Notes 19 and 20)

3.8 Extracellular
Microhabitat
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2. Then 100-200 pl is added to the sample (see Note 14).

3. After an appropriate time interval (see Note 15) the reaction
(see Note 16) is stopped using PBS /levamisole as described in
the protocol.

4. Excitation/emission: 360,/550 nm.

1. DDAO may be applied at a final concentration of 1 pM for
staining of eDNA (see Notes 17 and 18).

2. A 10-min incubation followed by careful washing 4x is usually
sufficient; however, testing is recommended.

3. Excitation/emission: 640,/660 nm.

1. Prepare stock solution of FM dyes at 1 mg,/ml in DMSO, and
make aliquots of 10 pl and store at -20 °C.

2. Dilute 1:100 in buffer or water, add few drops to sample, and
incubate for 10 min.

3. Samples can be immediately used for observation; no destain-
ing is required.

4. Excitation/emissions:

Nile red 550,/650 nm
FM 1-43 472 /580 nm
FM 4-64 510,/734 nm

The extracellular microhabitat in biofilms and bioaggregates can
be characterized by different types of probes. For example fluores-
cent beads can be applied to determine the porosity of the biofilm
matrix. Similarly fluorescently labelled dextrans and ficols of dif-
ferent molecular size can be employed [63]. The beads are avail-
able with anionic or cationic groups. For dextrans a range of
molecular sizes may be employed with molecular weights ot'4,000,
40,000, 70,000, 500,000, and 2,000,000. In order to get optimal
results the incubation time has to be tested using time scales from
1to 24 h.

Core shell silica nanoparticles (C-dots) have been described
as “lab on a particle” which allows measurement of the pH in
biofilms [64]. C-dots contain two fluorochromes, one for local-
ization and the other for measuring. A similar approach was sug-
gested for monitoring oxygen in biofilms [65]. In fact this method
based on a sensing particle approach seems to be promising for
measuring other dissolved compounds and gradients within bio-
films. The advantage of this approach versus point measurements
using microelectrodes is clearly on the aerial and volumetric infor-
mation received.
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3.9 Counterstaining
of Bacteria

3.10 Other
Approaches for EPS
Analysis

Recently amphiphilic quantum dots were reported to image
hydrophobic microhabitats within the biofilm matrix [66, 67]. In
fact surface-engineered quantum dots may be useful for targeting
different features of EPS. Related to this approach, it has been
demonstrated that a hydrophobic layer is present at the biofilm
surface of Bacillus subtilis [ 68, 69].

In most cases EPS staining is combined with fluorescence staining
of bacterial cells. For this purpose a wide range of nucleic acid-
specific fluorochromes are available. These include the classical
nucleic acid stains such as AO, DAPI, and PI. Usually cell-permeant
fluorochromes from the Syto series are applied as they are available
in a wide range of different colors. We frequently used Syto9, for-
merly part of the BacLight staining kit but now also available as a
single compound. In addition other dyes such as SybrGreen and
PicoGreen have been employed. Some studies applied other cell-
impermeant fluorochromes for fixed samples, e.g., from the Sytox
or POPO and PO-PRO series. Detailed information on the indi-
vidual fluorochromes is available at the Invitrogen website. Despite
their dominance, other companies also offer nucleic acid-specific
fluorochromes, e.g., the company Biotium.

Apart from in situ staining of EPS in many cases extraction and
chemical analysis of EPS compounds have been wused [70]. Several
manuscripts report a number of procedures for extraction of EPS
from activated sludge or microbial biofilms. Often they were done
in parallel in order to assess the efficiency of the extraction. In any
case potential cell lysis represents a critical issue in all the extraction
protocols suggested (Table 2).

In the age of -omics EPS has also been examined by molecular
techniques for example using proteomics. The results are very lim-
ited as only a few reports have been published so far. In a study
with Haemophilus influenzae biofilms 265 proteins were identified
in the EPS [71]. The matrix of Myxococcus xanthus contains poly-
saccharides but also proteins which have been found to have novel
functions [72]. A comparison of the intra- and extracellular pro-
teome was reported for Listeria monocytogenes grown in liquid cul-
ture [73]. In a study of dental plaque biofilms and their EPS
composition it was shown that sucrose had a strong effect on EPS
protein composition [74]. The EPS of Shewanella biofilms was
examined using infrared spectroscopy in combination with pro-
teomics showing 58 extracellular proteins associated with biofilm-
specific functions such as redox activity of the matrix [2, 75].

Another approach takes advantage of chemical imaging for
characterization of the biofilm matrix. In two publications Raman
microscopy was used to examine matrix locations inside biofilms.
In a first study the applicability of Raman microscopy to record
EPS-specific signals was tested. Within the matrix, several Raman
bands could be assigned to carbohydrates, proteins, nucleic acids,



Biofilm Matrix Analysis 57

Table 2
Extraction and chemical analysis of EPS from biofilms and activated sludge

Focus Reference
Comparison of methods/sludge [107]
Cation-exchange resin/biofilms [108]
Comparison of methods/biofilms [109]
Comparison of methods/sludge [110]
Comparison of methods/sludge [111]
EPS from cyanobacteria [112]
Protein extraction/sludge [113]
EPS from extreme acidic biofilms [114]
eDNA /biofilm [115]
Comparison of methods/sludge [116]
Comparison of methods/sludge [117]
Comparison of methods/assessment [118]
Comparison of methods/sludge [119]

Selected publications comparing different methods, isolating specific EPS types, or
focusing on specific groups of bacteria

and carotenoids [76]. In the second study a combined approach
taking advantage of confocal laser scanning and Raman microscopy
was used. For this purpose biofilms were developed under different
growth conditions. Examination of the biofilms matrix was done
by FLBA and by analysis of single-spot Raman spectra [77]. Finally
the Raman approach may be of advantage if Raman mapping of
extended areas can be analyzed and assigned to specific groups of
bacteria or microcolonies.

Very recently advanced chemical imaging was suggested as a
tool to analyze EPS. For example the combination of Raman spec-
troscopy, STXM, and nanoSIMS was used to examine isolated EPS
produced by Bacillus subtilis before and after adsorption to goe-
thite [8]. However, it should be accepted that for this type of anal-
ysis the biofilm sample is restricted in terms of size/thickness,
mounting, hydration, and depth of analysis.

4 Notes

1. CFW will also stain chitin, cellulose, keratin, collagen, and
clastin in tissue.

2. CFW is also used to stain fungal cell surfaces. Therefore it is
useful for fungal biofilms and aquatic fungi.
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3.

10.

11.

12.

13.

A positive lectin staining is clearly visible by eye using an
epi-fluoresence microscope with the appropriate filter cube. If
green lectins are used (e.g., Alexa488) the bound lectin should
show a crisp green signal which usually is associated with a
biological structure (e.g., bacterial cells).

. If combinations of lectins are applied, tests should be made in

advance as some lectins will bind to each other and form pre-
cipitates. The precipitates are easily visible under the micro-
scope due to their appearance and the combined color of the
two fluorochromes conjugated to the lectins.

. Controls should be made. But be careful using monosaccha-

rides for inhibition of lectin binding. The expected effect of
the sugar is a lowering of the emission signal. However, you
may increase the emission signal due to creation of a new speci-
ficity by saturating only one part of the mostly complex bind-
ing sites.

. The targets of lectins are glycoconjugates of any kind. As a

result glycoproteins and glycolipids may also give a positive
result.

. Some lectins are extremely toxic. Be carefull Do not handle

freeze-drvied lectins but only lectins in aqueous solution! Do not
open the vial! The vials usually have a rubber cap covered with
an aluminum seal. Open the aluminum seal in the center. Use
a syringe with needle to add water, and dissolve the lectin. In
order to take out a portion of the lectin to prepare the stock
solution also use a syringe.

. For drawing off lectins using some sort of sorbent many

options are available. In the laboratory several types of sorptive
papers are usually found (paper tissues, lens tissues, household
tissue rolls, toilet paper, filtration papers). For this particular
purpose the cut-in-halftriangular absorbent swabs (Kettenbach,
Germany), which have a strong suction capacity, are quite

helptul.

. Itis a good idea to prepare aliquots from the stain as delivered

in order to avoid damaging freeze—thaw cycles.

For observation of the far-red Sypro stain it is helpful to have
dark-adapted eyes and work nearly in the dark with dimmed

light.

Depending on the sample type and additional staining proce-
dures different blocking agents may be used.

The most specific detection can be achieved using the WO1
and WO2 antibodies.

For the ELF 97 phosphatase substrate it is necessary to try a
range of different dilutions.
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Obviously for measuring extracellular phosphatase, fixation has
It is also important to test different time intervals of

In order to stop the reaction various reagents may be used [51].
Other fluorochromes used for eDNA staining include:
a) Syto9 [78,79].

) Propidium iodide [81].
d) Toto3 [82].
e) SytoxOrange [83].
f) BOBO3 [84].
In many studies staining of e DNA with DDAO was combined

with either bacteria expressing fluorescent proteins (e.g., [56,

57, 85, 86, 871).

FM fluorochromes are excellent stains for bacterial membranes.

19.

Therefore they should also be suitable for staining bacterial

membrane vesicles.

20.
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Chapter 5

Multiplex Fluorescence In Situ Hybridization (M-FISH)
and Confocal Laser Scanning Microscopy (GLSM)
to Analyze Multispecies Oral Biofilms

Lamprini Karygianni, EImar Hellwig, and Ali Al-Ahmad

Abstract

Multiplex fluorescence in situ hybridization (M-FISH) constitutes a favorable microbiological method
for the analysis of spatial distribution of highly variable phenotypes found in multispecies oral biofilms. The
combined use of confocal laser scanning microscopy (CLSM) produces high-resolution three-dimensional
(3D) images of individual bacteria in their natural environment. Here, we describe the application of
M-FISH on ecarly (Streptococcus spp., Actinomyces naeslundii) and late colonizers (Fusobacterinm nuclea-
tum, Veillonelln spp.) of in situ-formed oral biofilms, the acquisition of CLSM images, as well as the quali-
tative and quantitative analysis of these digitally obtained and processed images.

Key words Multiplex fluorescence in situ hybridization (M-FISH), Confocal laser scanning
microscopy (CLSM), Three-dimensional images, Multispecies oral biofilms, Streptococcus spp.,
Fusobacterium nucleatum

1 Introduction

The nonspecific nature of traditional bacterial identification tech-
niques, such as 4’,6-diamidino-2-phenylindole (DAPI) staining,
crystal violet (CV), and SYTO 9 /propidium iodide fluorochrome
uptake, has limited their use in oral biofilm research [1]. Among
the more widely accepted approaches, the multiplex fluorescence
in situ hybridization (M-FISH) method allows for the in situ analy-
sis of the spatial and temporal dynamics of different bacterial popu-
lations within oral biofilms [2, 3]. By means of fluorescently labeled
oligonucleotide probes specific 16S rRNA sequences are targeted
that are barely influenced by the growth condition [4, 5]. The
advantages of using M-FISH to spatially discriminate between vari-
ous members of the microbial community involve the ability for
identification of uncultured bacteria and the rapid manufacturing
of new oligonucleotide probes [6].

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_5, © Springer Science+Business Media New York 2014
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The invention of novel techniques for the visualization of
in situ- or in vivo-established oral biofilms has introduced a new
era in the field of dental research [7-10]. The combined use of
M-FISH with confocal laser scanning microscopy (CLSM) moni-
tors the three-dimensional spatial distribution of different bacteria
in multispecies oral biofilms and can quantify semiplanktonic or
desorbed biofilms in their natural habitat [ 11-13]. The acquisition
of high-resolution images is followed by image processing and data
analysis, offering the chance to achieve a full segmentation of the
image into subareas with evident biofilm formation. The biomass
of the different targets within oral biofilms can be then quantified
by the analysis of total fluorescent staining of the confocal micro-
graphs using an appropriate image analysis program.

In this chapter, a five-color M-FISH assay was utilized with the
aid of CLSM for the spatial organization analysis of important bac-
terial members representing early and late colonizers within oral
biofilms formed in situ after different time periods (1, 2, 3, 5, and
7 days). In addition to a nucleotide probe which allowed detection
of all eubacteria, specific nucleotide probes for Streptococcus spp.,
Fusobacterium nucleatum, Actinomyces naeslundii, and Veillonelln
spp. were simultaneously utilized to identify the aforementioned
oral biofilm bacteria. The analysis of the digitally acquired and
processed images succeeded in quantifying the total amount of the
bacterial targets within the tested oral biofilms.

2 Materials

2.1 Equipment
for In Situ Oral Biofilm
Acquisition

Unless indicated otherwise prepare and store all reagents at room
temperature. Prepare all solutions using double-distilled water
(H,0). Caretully follow all waste disposal regulations when dispos-
ing waste materials.

1. At least four healthy volunteers (se¢ Note 1).

o

Upper-jaw individual acrylic appliances (see Fig. 1).

w

Six sterilized and BSE-free bovine enamel discs (diameter,
5 mm; 19.63-mm? surface area; height, 1.5 mm) (see Notes 2
and 3 and Fig. 1).

Red wax (see Note 4).

0.9 % saline solution (NaCl) (se¢ Note 5).

3 % sodium hypochlorite (NaOC]l) (see Note 3).
70 % ethanol (see Note 3).

Double-distilled water (H,O) (see Note 3).

® N e



2.2 Multiplex
Fluorescence In Situ
Hybridization
Gomponents

2.3 Confocal Laser
Scanning Microscopy
Equipment
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Fig. 1 Individual upper-jaw acrylic appliance with the enamel slabs in place at
different locations. The specimens were positioned at the front (), in the middle
(m), and at the back (b), on both sides, right (R) and left (L), of the appliance. The
exposed surfaces were fixed towards the tooth enamel by red wax. Reproduced
from [9] with permission from ASM Journals

. Dulbecco’s phosphate-buffered saline (PBS; 1.7 mM KH,POy,

5 mM Na,HPO,, and 0.15 M sodium chloride, pH 7.2). Store
at 4 °C.

2. Fix bufter: 4 % paraformaldehyde in PBS.

o

Fixative solution: Ethanol (50 %, v/v, in PBS). Store at 4 °C.

. Permeabilization buffer: 7 mg lysozyme per ml 0.1 M Tris—

HCI, 5 mM EDTA (pH 7.2). Store at 37 °C.

. Dehydrating solution: Ethanol washes containing 50, 80, and

100 % ethanol.

Oligonucleotide probes: EUB 338 [14], E 79[15], FUS 664
[3], IF 201[16], and STR 405 [15] (see Note 6).
Hybridization buffer: 0.9 M NaCl, 20 mM Tris—-HCI (pH 7.2),
25 % (v/v) formamide, and 0.01 % (w/v) sodium dodecyl
sulfate.

Wash buffer: 20 mM Tris-HCl (pH 7.5), 5 mM EDTA,
159 mM NaCl, and 0.01 % (w/v) sodium dodecyl sulfate.

Chambered coverglass (Lab-Tek I, Nalge Nunc International).

Confocal laser scanning microscope (p-Slide, 8 Well, Ibidi,
Martinsried, Germany) using a x63 water immersion objective
(HCX PL APO/bd.BL 63.0x 1.2 W; Leica).

. Image analysis program MetaMorph 6.3x7 (Molecular

Devices Corporation).
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3 Methods

3.1 In Situ
Acaquisition of Oral
Biofilm

3.2 Multiplex
Fluorescence In Situ
Hybridization

3.3 Confocal Laser
Scanning Microscopy

Carry out all procedures at the temperatures specified each time.

1.

The volunteers should carry an individual acrylic appliance
with six enamel slabs in the upper jaw over periods of 1, 2, 3,
5, and 7 days (see Note 7).

After each of the five tested time periods, all six enamel chips
can be separated from the splint and further examined.

. Fix biofilms grown on enamel chips in 4 % paraformaldehyde

in PBS for 12 h at 4 °C [4].

. After fixation wash all specimens with PBS and fix again in solu-

tion containing ethanol (50 %, v/v, in PBS) for 12 h at 4 °C.

Wash specimens twice with PBS at room temperature.

. Incubate in permeabilization solution for 10 min at 37 °C.

. Dehydrate biofilms with a series of ethanol washes containing

50, 80, and 100 % ethanol for 3 min each at room
temperature.

. Incubate specimens with the oligonucleotide probes at

a concentration of 50 ng each per 20 ml hybridization
buffer in 96-well plates (Greiner Bio-One) at 46 °C for 2 h
(see Notes 8-10).

Incubate specimens in wash buffer for 15 min at 48 °C.

. The analysis of the labeled biofilms can be conducted in a

chambered coverglass by CLSM (see Notes 11 and 12).

The biofilm is scanned at several locations [17, 18]. As a result,
the measured areas originate from three separate and repre-
sentative locations on the oral biofilm-coated bovine enamel
slabs (see Note 13).

. With the aid of a zoom setting of 1.7 corresponding to physi-

cal dimensions of 140 x 140 pm for each image standard images
are made. The area of each section is transformed into a digital
image containing 1,024 x 1,024 pixels [19-21] (Fig. 2).

. The biomass of the different targets within the oral biofilm

and total fluorescent staining of the confocal micrographs
are quantified and analyzed by the image analysis pro-
gram MetaMorph 6.3x7 (Molecular Devices Corporation)
(see Note 14).
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Fig. 2 Confocal micrographs of 3-day-old dental plaque biofilm hybridized with five different specific probes
(EUB 338, E 79, FUS 664, IF 201, and STR 405). (a) Single optical section from five-channel image stack. (b—f)
All channels of the stack. (b) Green, eubacteria-specific probe; (¢) red, Veillonella spp.-specific probe;
(d) yellow, Fusobacterium nucleatum-specific probe; (e) blue, Actinomyces naeslundii-specific probe;
(f) magenta, Streptococcus spp.-specific probe. (g) Orthogonal slice of the plaque biofilm. Reproduced from [2]
with permission from JMM Journal

4 Notes

1. Patients with conditions that meet the following criteria are
excluded: (1) severe systemic disease, (2) pregnancy or lacta-
tion, (3) use of antibiotics or antibacterial mouth rinses within
the last 3 months, and (4) DMFT index less than 3.

2. The buccal surfaces of bovine incisors are separated and
modified into cylindrical enamel specimens. The enamel sur-
faces of all samples are then disinfected and polished by wet
grinding with abrasive paper (400—4,000 grit). The absence of
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10.

bovine spongiform encephalopathy (BSE) is confirmed by
the use of the IDEXX Laboratories BSE diagnostic kit
(Ludwigsburg, Germany).

. The protocol for disinfection of the enamel plates includes

ultrasonication in NaOCl (3 %) for 3 min to remove the super-
ficial smear layer, air-drying, and ultrasonication in 70 % etha-
nol for another 3 min. The disinfected samples are then
ultrasonicated twice in double-distilled water for 10 min and,
finally, stored in distilled water for 24 h to hydrate prior to
exposure in the oral cavity [2].

The enamel specimens can be attached to the approximal sides
with the aid of red wax.

. After their exposure in the oral cavity the enamel slabs can be

rinsed off with 0.9 % saline solution for 10 s.

. The sequences, 5'-modifications, and target species of the oligo-

nucleotide probes used are described as follows: EUB 338
(GCTGCCTCCCGTAGGAGT; fluorescein; eubacteria [ 14]),
E 79 (AATCCCCTCCTTCAGTGA; Texas red; Veullonelln spp.
[15]), FUS 664 (CTTGTAGTTCCGC(C/T)TACCTC; Cyb5;
Fusobacterinm — nucleatum  [3]), 1F 201 (GCTACCGT
CAACCCACCG; Pacific Blue; Actinomyces naeslundii [16]),
and STR 405 (TAGCCGTCCCTTTCTGGT; Cy3; Streptococcus

spp- [15]).

The subject maintains his regular diet and should carry the
appliance intraorally throughout all tested time periods, except
during meals as well as brushing and flossing his teeth. After
their removal from the oral cavity the splints are kept in 0.9 %
NaCl solution.

All commercially synthesized oligonucleotide probes are puri-
fied with the aid of high-performance liquid chromatography
(HPLC) and 5’-end labeled with difterent fluorochromes. In a
multiplex FISH assay the different fluorochromes are tested
utilizing the bacterial strains used to verify the specificity of the
different probes, and the 5’-modification is subsequently
determined. EUB 338 is used for the visualization of the entire
bacterial population within the oral biofilm.

. In order to enhance the permeability of bacteria within the

oral biofilm, cell wall-degrading enzymes such as mutanolysin
can be used.

The sequence specificities of the oligonucleotide probes used
were examined for the following strains: A. naesiundii DSM
172337, A. naeslundii clinical isolate, Actinomyces viscosus clini-
cal isolate, Candida albicans ATCC 90028, Enterococcus faecalis
clinical isolate, F. nucleatum subsp. nucleatum ATCC 25586,
E. nucleatum clinical isolate, Fusobacterium necrophorum ATCC
27852, Lactobacillus brevis DSM 20054, Lactobacillus salivarius
DSM 20555, Peptostreptococcus micros ATCC 23195, Prevotelln
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nigrescens NCTC 9336, Staphylococcus anrens ATCC 25923,
Staphylococcus epidermidis DSM 1798, Streptococcus mutans
ATCC 25175, Streptococcus oralis ATCC 35037, Streptococcus
samguis DSM 20068, Streptococcus salivarius DSM 20067,
Streptococcus sobrinus DSM 20381, Veillonelln parvula DSM
2008T, and V. parvuia clinical isolate [2].

11. Excitation of the FISH probes is carried out at the following
wavelengths: 405 nm (Pacific Blue), 488 nm (fluorescein),
543 nm (Cy3), 594 nm (Texas red), and 633 nm (Cy5).
Fluorescence emission of the probes can be measured at the
following wavelengths: 406473 nm (pacific blue), 495-
565 nm (fluorescein), 552-592 nm (Cy3), 605-670 nm
(Texas red), and 644-703 nm (Cy5) [12].

12. Confocal scanning is conducted sequentially for each image
intending to minimize spectral overlap between the probes.
Fluorescence response is principally demonstrated by a sig-
moid curve. However, this depends on the concentration of
fluorescent probes adhered to the ribosomes. Since the num-
ber of ribosomes within cells identified by FISH varies, the
overall detected fluorescence response is sigmoid, but it can
also be linear for individual cells.

13. After the determination of the upper and lower boundaries of
the biofilm the thickest point is identified within each mea-
sured area. This procedure is repeated twice enabling the esti-
mation of a mean thickness of the biofilm resulting from the
three measurements. Sections of a thickness of approximately
0.5 pm each are generated at 2 pm intervals throughout the
biofilm layers as biofilms are scanned from these three starting
points (to avoid overlaps).

14. The EUB 338 corresponding fluorescent volume is set as
100 % of bacterial biomass in the biofilm. All other targets are
calculated as percentage of the biomass calculated by EUB
338. The measurement of voxel intensities enables the image
analysis program to calculate the biofilm composition from
stacks of five-channel images. For each of the used fluorescent
colors fluorescence intensity thresholds are manually set.
Eighteen biofilm points, three on each of the six bovine enamel
slabs, are analyzed for each time period and thus for each bio-
film age. The analysis of the resulting biofilm contents reveals
their statistical significance.
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Chapter 6

Field Emission Scanning Electron Microscopy
of Biofilm-Growing Bacteria Involved in Nosocomial
Infections

Claudia Vuotto and Gianfranco Donelli

Abstract

Scanning electron microscopy (SEM) provides useful information on the shape, size, and localization
within the biofilm of single bacteria as well as on the steps of biofilm formation process, on bacterial inter-
actions, and on production of extracellular polymeric substances.

When biofilms are constituted by microbial species involved in health care-associated infections, informa-
tion provided by SEM can be fruitfully used not only for basic researches but also for diagnostic purposes.

The protocols currently used in our laboratory for biofilm investigation by SEM are reported here.
Particularly, the procedures to fix, dehydrate, and metalize in vitro-developed biofilms or ex vivo clinical
specimens colonized by biofilm-growing microorganisms are described as well as the advantages of the
observation of these samples by field emission scanning electron microscopy.

Key words Scanning electron microscopy, FESEM, Biofilm ultrastructure, Medical devices

1 Introduction

Scanning electron microscopy (SEM) is a powerful technique to
investigate bacterial colonization of biotic and abiotic surfaces and
to reveal ultrastructural details on the bacteria—bacteria and bacteria—
surface interactions. In fact, SEM is able to offer, at a higher reso-
lution than a light microscope and at the needed magnification, a
more detailed insight of the microbial sample under study. Among
the currently available electron microscopy techniques employed
to investigate bacterial and fungal biofilms, SEM is the most used
one from about two decades [1-8]. By SEM investigations,
researchers have understood that microbial biofilms are not just
clusters of cells with more or less accumulated slime but well-
structured communities of cells adherent to surfaces and embedded
in a self-produced polymeric matrix.

In the case of biofilm-growing bacteria identified as causative
agents of nosocomial infections, all the information provided by
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Fig. 1 FESEM micrographs of rod-shaped (a) Escherichia coli cells (10,000x) and coccoid (b) Staphylococcus
epidermidis cells (15,000x) growing as single-species biofilms

Fig. 2 Enterococcus faecalis biofilm observed by FESEM at low (a, 2,000x) and high magnification (b, 20,000x)
on the luminal surface of a Foley urinary catheter explanted from a patient suffering from neurogenic bladder

SEM can be exploited both for diagnostic purposes and translational
researches in the fields of tissue infections [9-11] and device-
associated infections, including central venous catheters [12-15],
urinary catheters [ 16], biliary stents [17, 18], and orthopedic pros-
theses [19]. In fact, SEM observations can provide information on
(1) the types of bacteria involved in the observed biofilm as pre-
sumed on the basis of their size and shape, e.g., rod-shaped bacilli
versus cocci (Fig. la, b); (2) the occurrence of a single-, dual-, or
multi-species biofilm (Figs. 2, 3, and 4); and (3) the detection of
biofilm-forming bacteria growing in a viable but nonculturable
(VBNC) state, not detectable by standard laboratory procedures.
Apart from its contribution in defining the biofilm-forming
ability of clinical strains isolated from patients, SEM offers also the
possibility to carry on translational researches, such as those focused
on the investigation of bacterial killing and induction of cell modi-
fications (shape loss, cellular debris, and pore formation) induced
by disinfectants [20], antibiotics [21, 22] (Fig. 5), quorum sensing
inhibitors [23], anti-biofilm compounds [24 ], and coatings [25].
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Fig. 3 FESEM micrograph of a dual-species biofilm formed in vitro by clinical
strains of Veillonella spp. and Clostridium difficile (10,000x), isolated from
explanted biliary stents

ek

Fig. 4 Multi-species biofilms observed by FESEM at low (a, 2,000x) and high magnification (b, 15,000x) on
the luminal surfaces of central venous catheters explanted from severely brain-injured patients

Fig. 5 FESEM observation of shape modifications and cell wall alterations
induced by the antibiotic tigecycline on Staphylococcus epidermidis cells
(10,000x) growing as biofilm

As for other techniques, SEM also has some limitations, mainly
related to the need to fix, dehydrate, and metalize the biological sam-
ple before its observation. As a consequence, these preparation steps
can slightly modify cell shape and alter the biofilm morphology.
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As the fixation process is concerned, the exposure of the sample
to low concentrations of fixative implies a prolonged duration of
treatment, so often causing extraction of cell materials and shrink-
age of cells. Thus, to minimize the damage to the cell structures, a
fixation using the minimal effective concentration for a time as
short as possible is recommended.

Anyway, a primary fixation with glutaraldehyde, followed by a
secondary fixation with osmium tetroxide (OsOy), is today consid-
ered the optimal procedure for preventing structural damages of
sessile-growing bacteria.

In fact, glutaraldehyde is the most effective fixative in main-
taining the fine structure of bacteria because of its ability to cross-
link proteins in a rapid and irreversible way, while the post-fixation
with OsOy preserves lipids and the nonpolar nature promotes its
penetration through the electrically charged cell surface.

The addition of electrolytes (especially CaCl,) to the fixative
solutions has been demonstrated to supply beneficial effects includ-
ing an improvement in the maintenance of the cell shape, a reduc-
tion in the extraction of cellular materials, and a membrane
stabilization.

To gradually dehydrate the specimen before its examination in
a scanning electron microscope, graded solvents (alcohol, acetone,
and xylene) must be utilized, since the water content of the sample
is not compatible with the vacuum needed for the electron beam
functioning. However, as biofilms are particularly rich of water, the
specimen dehydration might alter their morphology and give rise
to some artifacts and structural alterations. For example, the extra-
cellular polymeric substances, when investigated by SEM [26],
often appear as fibers (Fig. 3) connecting bacteria [27] or as a thick
slimy matrix that surrounds the cells [28]. As an alternative
approach to overcome the structural changes in microbial cells due
to the dehydration process, environmental scanning electron
microscopy (ESEM) has also been applied to the investigation of
bacterial biofilms [29].

To obtain an optimal resolution, dehydrated biofilm samples
have to be first critical point dried [30] or treated with hexameth-
yldisilazane (HMDS) solvent [31] and then coated with heavy
metals, typically a gold—palladium alloy or platinum, to increase
their electrical conductivity.

The recent introduction of the field emission scanning electron
microscope (FESEM), able to work at reduced accelerating voltage
(range from 0.2 to 30 kV), has allowed to obtain cleaner, high-
quality, less electrostatically distorted images of samples [32].
FESEM, having a spatial resolution down to 1 nm, that is 3-6
times better than the traditional SEM, has been recently used to
investigate biofilm-growing bacteria [27, 33-35].
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2 Materials

. Stock 10x phosphate-buftered saline (PBS) solution: Dissolve

80 g NaCl, 2 g KCI, 14.4 g Na,HPO,-2H,0, and 24 g
KH,PO, in 800 ml of distilled water, and then bring the solu-
tion volume up to 1 I. Autoclave to sterilize.

. Working PBS solution: Dilute the stock solution tenfold and

filter.

. Bufter solution sodium cacodylate 0.2 M: Dissolve 42.8 g of

cacodylic acid sodium salt trihydrate in 800 ml of demineral-
ized water, and then add demineralized water to a volume of
1,000 ml (see Note 1). Finally, adjust pH of buffer to 7.2 by
using concentrated HCI (36-38 %) (see Note 2).

4. Glutaraldehyde 25 % solution: 25 wt % in water (se¢ Note 3).

18.

. Osmium tetroxide solution: Dilute 4 % OsQO, solution in

ddH,O (see Note 4) to concentration at least twice that of
desired final concentration [final concentration usually 1 % (see
Note 5)]. Since OsO, dissolves slowly in water, the process can
be accelerated by shaking the solution.

. Working fixative solutions: Dilute to a tenth the glutaralde-

hyde solution (25 %) in 0.1 M sodium cacodylate bufter,
obtained by mixing 1 vol of sodium cacodylate stock solution
and 1 vol of demineralized water (se¢ Note 6). Mix 1 vol of
stock OsOy solution with 1 vol of sodium cacodylate 0.2 M.

. Gradients of ethanol /water: 30 % vol /vol, 50 % vol /vol, 70 %

vol/vol, 80 % vol/vol, 95 % vol/vol, and absolute ethanol
solutions (100 % vol /vol).

. HMDS: 98 % solution (see Note 7).

. Aluminum specimen stub: 13 mm diameter.
10.
11.
12.
13.
14.
15.
16.
17.

Conductive paint: Colloidal silver paint.

Spectrophotometer.

Incubator at 37 °C.

Refrigerator at 4 °C.

24-well polystyrene microtiter plates.

12-well polystyrene microtiter plates.

Ciritical point drier (CPD) (e.g., Quorum Technologies Ltd).

Rotary-pumped sputter coater (e.g., Quorum Technologies
Ltd) suitable for non-oxidizing metals, such as gold (Au) and
platinum (Pt).

FESEM (e.g., SIGMA, Zeiss).
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3 Methods

3.1 In Vitro Biofilm
Formation

3.2 Preparation

of Glass Cover Slips
Covered by Biofilm for
FESEM Investigation

3.3 Preparation of
Biliary Stents, Central
Venous Catheters, and
Urinary Gatheters
Removed from
Patients for FESEM
Investigation

3.4 Sample Fixation

This protocol can be easily adapted to different species by using
specific media by adjusting the OD of the bacterial inoculum and
by selecting the appropriate time of incubation.

1.

Plate bacteria on selected agar medium and grow at 37 °C
overnight.

. Use single colony to inoculate 3 ml of broth, and grow this

culture overnight at 37 °C without shaking.

. Adjust the bacterial culture to the desired optical density (most

often ODypp nm=0.1) by using a spectrophotometer.

. Put sterile round glass cover slips of 1 cm diameter on the bot-

tom of one or more wells, according to the number of culture
samples, of a 24-well polystyrene microtiter plate.

. Fill each well with 1.8 ml of broth supplemented with glucose

(1 % w/v) and 200 pl of bacterial inoculum.

. To enable biofilm development, a 24—48-h incubation (this

time is adequate for most of the bacterial species) at 37 °C in
static conditions is recommended.

. To eliminate non-adherent bacteria, rinse the wells three times

with 2 ml of PBS.

. Remove the glass cover slip from the bottom of the well, and

put it in an empty well of the microplate (see Note 8).

. Immediately after device removal, cut under sterile conditions

approx. 2 cm segments from the distal, central, and proximal
portion, respectively (see Note 9).

. Bisect each segment along its long axis, and place each half

segment into wells of a 12-well polystyrene microtiter plate
filled with sterile PBS (pH 7.4).

From this step onwards, the procedure can be considered in

principle the same regardless of the sample type. When needed, the
changes in the procedure will be specified.

1.

Add 2.5 % glutaraldehyde solution (se¢ Note 10) at room tem-
perature (see Note 11) for 30 min in the wells (se¢ Note 12)
containing biofilm samples.

. Remove the glutaraldehyde solution, and rinse the sample three

times with sodium cacodylate 0.1 M buffer (sec Note 13).

. Postfix by adding OsOy solution (1 %) in the wells (see Note 14)

containing biofilm samples for 20 min at room temperature in
the dark (see Note 15).

. Remove the OSOy solution, and rinse the sample three times

for 2—-3 min with sodium cacodylate 0.1 M buffer.



3.5 Dehydration with
Ethanol Gradients

3.6 Final
Dehydration by Critical
Point Drying or HMDS
Solution

3.6.1
Drying

Critical Point

3.6.2 Dehydration
with HMDS

3.7 Mounting
on Stubs
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Wash the sample with:
1. 30 % ethanol for 10 min (not to be used for device segments)
(see Note 16).
2. 50 % ethanol for 10 min (15 min for device segments).

3.70 % ethanol for 10 min (15 min for device segments)
(see Note 17).

4. 85 % ethanol for 10 min (15 min for device segments).
5. 95 % ethanol for 10 min (15 min for device segments).

6. 100 % ethanol three times for 10 min (15 min for device
segments).

To reduce damages to biological structures related to the formation
of forces of surface tension, alcohol dehydration must be followed
by the application of one of these methods allowing a direct shift
from the liquid phase to the gas phase: critical point drying or
dehydration with HMDS.

1. Insert the sample between two sheets of tissue paper held
together with staples, and indicate with a pencil the biofilm
side on the paper.

. Dip the sample in 100 % ethanol.
. Precool the chamber.

. Introduce the sample within the chamber.

gl o W

. Transfer in and unload from the chamber the liquid CO,
(see Note 18).

6. Fill partially the chamber with liquid CO, (1/2 the volume
total).

7. Heat the system (raising temperature and pressure) up to the
achievement of the CO, critical point values (35 °C and
1,200 psi).

8. Reduce temperature and pressure values (see Note 19).

9. Remove the sample from the chamber.

This procedure is particularly recommended when the sample is
constituted by a segment of medical device:

1. Remove 100 % ethanol, and add HMDS 98 % for 1 h 30 min
at room temperature.

This step consists in preparing the sample on an aluminum stub
(see Note 20) by running the following procedure:

1. Put colloidal silver paint on the upper base of the stub
(see Note 21).

2. Paste the biofilm sample on the stub (sec Notes 22 and 23).
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3.8 Sputtering

3.9 Sample
Investigation
by FESEM

3.

Achieve points of contact between the sample and the stub by
depositing drops of silver paints on 3—4 different areas at the
edge of the sample (see Note 24).

High-quality images for non-conductive samples are obtained
by coating biofilms mounted on stubs with a metal layer (gold,
platinum, etc.) able to provide a better interaction between the
sample and the electron beam.

1.
2.

Place the samples on the table of the chamber (anode).

To determine the thickness of the gold layer, set the instru-
ment parameters as follows: 0.05 mbar for the vacuum cham-
ber, 2.5 kV as working voltage, 5 cm distance between anode
and cathode, 20 mA current intensity, and 120 s of sputtering
time (see Note 25).

. Start the sputter coater, and let in a flow of inert gas (argon).

. When the sputtering of the sample is completed, leave the

instrument off for 3—4 min while it will slowly vent and then
open the chamber. At this point the samples are ready for
FESEM observation.

. Place stubs containing biofilm samples in the stub holder.

2. Fill the FESEM chamber with argon.

10.

11.
12.

. Open the door of the chamber, and slide the holder into the

platform.

. Close the chamber, and start the vacuum pump by the

software.

. When a green check mark appears in the vacuum information

slot click “EHT on” to establish the beam.

. Set the EHT voltage (see Note 26).

. Select the kind of electrons (secondary or backscattered) that

have to be used to acquire images (see Note 27).

. Move the sample stage from its default loading position to the

inspection area by using the “stage navigation system” in TV
modality (sec Note 28).

. Switch to “Normal modality,” and start to observe the biofilm

sample by using the controls for magnification, focus, contrast,
and brightness (see Note 29).

When a sample image is to be recorded, reduce scan speed of
approx. 70 % with respect to that used to observe the sample
and acquire micrograph by “line integration” (about ten lines).

Save the micrograph.

Turn off EHT and vent by using the software. This can take a
few minutes.



13.
14.
15.
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Open the chamber door, and remove the stub holder.
Close the door, and start again the vacuum pump.

When the required vacuum in the chamber is obtained, turn of
the software and the server and switch to “stand by.”

4 Notes

. Sodium cacodylate is the best buffer to dilute glutaraldehyde,

since it is able to avoid glutaraldehyde polymerization for a
longer time. The arsenic content of sodium cacodylate is
enough to represent a health hazard. Thus, for the weighing of
reagent and the preparation of the buffer solution, fume hood
and gloves to protect hands should be used.

2. This buffer is effective in the pH range 7.2-7 4.

10.
11.

12.

. To reduce deterioration, purified 25 % glutaraldehyde solu-

tions have to be stocked at =20 °C.

. OsOy is a toxic and hazardous substance. Due to the extreme

volatility (11 mm vapor pressure at 25 °C), OsO, solutions
must be prepared in small aliquots and maintained at 4 °C in
brown bottles with glass stopper to avoid its reduction under
light exposure.

. 1 % is the optimal concentration to preserve highly hydrated

specimens such as microbial biofilms.

. To avoid polymerization, the freshly prepared final 2.5 %

glutaraldehyde solution must be stored at 4 °C and should be
used whenever possible.

. HMDS is a flammable liquid that may be harmful if swallowed,

inhaled, or absorbed through skin. It may cause severe irrita-
tion or burns to skin, eyes, and respiratory tract.

. Use sharply pointed tweezers and be careful not to break

the cover slip or scratch the surface to avoid the removing of the
formed biofilm. It is necessary to always maintain upward the
same side of the cover slip.

. During this step it is important to avoid the detachment of the

biofilm grown within the device lumen. The use of a very sharp
scalpel is recommended in order to make as little mechanical
pressure as possible on the device.

All the following steps must be performed in a fume hood.

The penetration of glutaraldehyde within the sample is definitely
faster at room temperature than in the cold.

Glutaraldehyde solution has to be added to cover the sample,
and the same procedure must be followed for all the solutions
used henceforth.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

If necessary, the procedure can be discontinued at this step and
the sample can be stored at +4 °C till the day after.

Os0y, is used as post-fixative and not as primary fixative since it
is not able to preserve proteins and carbohydrates but only
lipids.
OsO, must be maintained in the dark as it can be reduced by
light.

To avoid crushing of bacteria, never leave the sample dry after
cach dehydration step.

If necessary, the procedure can be discontinued at this step and
the sample can be stored at +4 °C till the day after.

The number of CO, washing steps depends on the nature of
sample. Usually, three cycles of 2—3 min each are enough for
microbial biofilm samples.

This operation must be carried out taking great care not to
cross, going down, the critical point, which could lead to the
recondensation of CO,. The samples, so dehydrated, are very
hydrophilic and damp environments have to be avoided.

Stubs must be cleaned by dipping in 100 % alcohol or acetone
and handled with specific stub tweezers.

Silver paint is used both to paste sample to the stub and to
facilitate the conduction of electrons.

According to the sample size, stubs of different diameters are
available. Stubs should be a little bit larger than the sample.

Device segments must be fixed very well on the stubs to avoid
astigmatic images.

Points of contact are needed to assure the formation of a con-
tinuous conductive system, necessary to fulfill the require-
ments of electrical conductivity and chemical and physical
stability.

In case of device segments, an increase in time of sputtering up
to 150 s is recommended.

FESEM is able to minimize sample damage due to the time of
beam exposure by decreasing the EHT voltage level up to
0.2 kV. However, to obtain high-quality micrographs of our
biofilm samples, an EHT of 2-5 kV is recommendable.

The beam electrons explore through lines and sequential
points the surface of the sample giving rise basically to second-
ary electrons and backscattered electrons. Both these types of
electrons, properly collected by specific detectors, are usable
tor the formation of images. The signal most frequently used
in biofilm investigation is the one generated by the secondary
electrons, which better reveals the morphology of the sample
surface.



28.

29.
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The TV modality is based on the use of a CCD camera located
on the back of the chamber in order to monitor the mechanical
movements of the stage in real time. The use of the navigation
system in this modality helps to prevent collision sample stage
and detectors and improves the speed at which you can find
your sample on the stub.

To initially find the focus, select a sample area of scarce interest
to avoid beam-related contamination of the sample area of
major interest. In fact, the sample exposure to the beam for a
long time causes the deposition of material (e.g., carbon) in
the long-term scanned region, so giving rise to poor-quality

images.
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Chapter 7

Experimental Approaches to Investigating
the Vaginal Biofilm Microbiome

Marc M. Baum, Manjula Gunawardana, and Paul Webster

Abstract

Unraveling the complex ecology of the vaginal biofilm microbiome relies on a number of complementary
techniques. Here, we describe the experimental approaches for studying vaginal microbial biofilm samples with
a focus on specimen preparation for subsequent analysis. The techniques include fluorescence microscopy,
fluorescence in situ hybridization, and scanning and transmission electron microscopy. Isolation of microbial
DNA and RNA from these samples is covered along with a brief discussion of chemical analysis methods.

Key words Vaginal microbiome, Microbial biofilms, Fluorescence microscopy, Fluorescence in situ
hybridization, Scanning electron microscopy, Transmission electron microscopy, Genomic microbial
DNA, RNA, Correlative microscopy

1 Introduction

Bacteria colonize surfaces and establish a sessile mode of growth in
biofilms, chemically and morphologically heterogeneous matrices
of extracellular polymeric substances (EPS). Microbial biofilms are
implicated in chronic infections [ 1] and are more resistant to anti-
microbial agents and the immune system than their planktonic
counterparts [2, 3]. The normal vaginal microbiota makes up a
complex, diverse community that is believed to play an important
protective role in maintaining the health of a woman, sexual part-
ner, or newborn [4]. Microorganisms in the vaginal tract are
believed to grow predominantly as sessile polymicrobial communi-
ties encapsulated in biofilms [5-7]. The Human Microbiome
Project [8, 9] is improving our understanding of how vaginal
bacteria in healthy individuals maintain a balanced community
[10, 11] and the pathogenic capabilities of key species that mediate
poor health outcomes. Vaginal bacterial biofilms have been associ-
ated with a bacterial vaginosis and mortality resulting from tampon-
related toxic shock syndrome in menstruating women. In previous
studies, we have demonstrated that polymicrobial biofilms grow

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
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in vivo on the surface of intravaginal rings (IVRs) implanted in
pig-tailed macaques [12] and women [13].

Gaps in our understanding of medical microbial ecology largely
stem from our reliance on culture-dependent microbiological meth-
ods, which typically can identify less than 1 % of the bacterial cells in
a given ecosystem [14]. This seminal realization, known as the
“great plate count anomaly,” has led to tremendous advances over
the past 20 years through the development and application of envi-
ronmental metagenomics, microanalytical methodologies, novel
cultivation methods, and the coupling of stable and radiogenic iso-
topes with molecular analysis of biosignatures [15]. The strict
requirement for pure cultures has been alleviated by the refinement
of experimental approaches aimed at improving our understanding
of the composition, structure, and function of vaginal microbial
biofilm communities. The approaches covered here are based on a
combination of established imaging techniques using instrumenta-
tion accessible to most research laboratories, including:

*  Fluorvescence microscopy: Allows community structure to be
studied by selectively labeling different components of the bio-
film EPS with a range of fluorescent probes [16-19].

*  Fluorvescence in situ hybridization (FISH): FISH is an estab-
lished molecular, cultivation-independent technique that
detects nucleic acid sequences by a fluorescently labeled probe,
which hybridizes specifically to its complementary target
sequence within the intact cell [14].

o Scanming and transmission electron microscopy (SEM and
TEM): Electron microscopy allows the biofilm microbial com-
munity structure to be examined at high resolution. We have
developed a method to combine FISH and SEM data to label
bacteria (FISH) and provide high-resolution information on
the reference space (SEM) [20].

*  Molecular analysis: Genomic DNA and RNA isolation, ampli-
fication, and sequencing.

e Chemical analysis: Colorimetry, nondestructive spectroscopy,
and chromatography with tandem mass spectrometric detec-
tion techniques.

The corresponding protocols described below were validated
in our laboratories for vaginal microbial biofilm samples.

2 Materials

All solutions should be prepared with deionized water, unless oth-
erwise specified, using analytical grade reagents. Prepare and store
all reagents at room temperature unless otherwise noted. Diligently
follow all appropriate regulations and precautions when handling
reagents and disposing of waste materials.



2.1 Fluorescence
Microscopy

2.2 Fluorescence
In Situ Hybridization
(FISH)

10.
11.

o *® N

10.
. Kimwipes.
12.

Y XN

Investigating the Vaginal Biofilm Microbiome 87

. Method optimization and imaging were carried out using an

EVOS fl digital inverted fluorescence microscope (AMG).

Samples are prepared and viewed in a Lab-Tek IT Chamber
#1.5 German Coverglass System. We typically use the
8-chamber system (Model 155409, Nalge Nunc International
Corp.).

. 20 pM SYTO® 63 in deionized H,0, 0.5 % w/v fluorescein

isothiocyanate isomer I (FITC) in PBS, a 5,000x stock solu-
tion SYPRO® Orange in DMSO, 10 pg/mL Calcofluor White
in sodium phosphate buffer (10 mM, pH 7.5), 500 pg/mL
Nilered inacetone,and 10 mM 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) in deionized H,O.

1xPBS (pH 7.2), phosphate buffer (0.05 M, pH 7.4).
Aqueous glycerol solution (75 %, v/v).

Aqueous acetic acid solution (7.5 %, v/v).

Aqueous potassium hydroxide solution (10 %, w/v).
Decionized H,O.

Timer.

Kimwipes.

Fluorescence microscope.

. Method optimization and imaging were carried out using an

EVOS fl digital inverted fluorescence microscope (AMG).

Samples are prepared and viewed in a Lab-Tek IT Chamber
#1.5 German Coverglass System. We typically use the
8-chamber system (Model 155409, Nalge Nunc International
Corp.).

. Published oligonucleotide probe sequences [21 ] are employed

when possible. We typically order our probes from Integrated
DNA Technologies, Inc., and request purification by HPLC.

. Hybridization buffer: 0.9 M NaCl, 0.02 M Tris-HCI bufter

(pH 7.4), and 0.001 % SDS in deionized H,O (see Note 1).

Washing buffer: 0.175 M NaCl, 0.02 M Tris-HCI buffer
(pH 7.4), and 0.001 % SDS in deionized H,O.

1xPBS (pH 7.2).

Aqueous ethanol solution (50 %, v/V).
Deionized H,O.

Hybridization oven.

Timer.

Fluorescence microscope.
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2.3 Electron
Microscopy
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Transmission electron microscope.
Scanning electron microscope.
Critical-point dryer.

Ultramicrotome.

45° diamond knife for routine sectioning.
Formvar-coated metal specimen grids.

Specimen stubs.

. 2.5%v/v glutaraldehyde in 100 mM phosphate bufter (pH 7.2).

1 % w/v aqueous osmium tetroxide.

1 % w /v aqueous tannic acid.

. Saturated aqueous thiocarbohydrazide (TCH).
. Maleate buffer (50 mM, pH 5.2).

. 3 % potassium ferricyanide.

. Dilution series of ethanol or acetone.

. 100 % ethanol or acetone.

. Epoxy resin for specimen embedding.

. 60 °C oven.

. Embedding molds.

. Fine jewelers forceps (e.g., Dumont tweezers styles 5 and 7).
. Parafilm.

. 3 % w/v aqueous uranyl acetate.

. Aqueous lead citrate.

. Deionized H,O.

3 Methods

3.1 Sample
Preservation
and Storage

The vaginal biofilm sample collection, preservation, and storage
strategy are fundamentally important in determining the range and
quality of the subsequent measurements. Typically samples need to
be divided upon collection and stored in a variety of preservative
media, as described below:

1.

Electron microscopy: 2.5 % v/v glutaraldehyde in phosphate
bufter (pH 7.2) (see Note 2).

Fluorescence microscopy/ FISH: 50 % v/v ethanol in deionized
H,O.

. Microbinl DNA/ chemical analysis. Flash freeze in liquid

nitrogen.
Microbial RNA: Aurum lysis buffer (Bio-Rad) [22].
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Microscopy
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. Samples preserved in steps 1 and 2 should be stored and

transported at 4 °C.

Samples preserved in steps 3 and 4 should be stored and
transported at =80 °C.

. The combination of multiple, selective fluorescent probes

allows the principal chemical components to be imaged
(see Note 3).

Numerous fluorescent probes have been reported for micro-
bial biofilm imaging [16-19]. The most useful probes for
vaginal biofilm analysis are described below.

. We have used confocal laser scanning and inverted fluores-

cence microscopes to image vaginal microbial biofilms with
similar results [12, 13].

Biofilms are stained after hybridization for FISH, directly in
the chamber slide, unless otherwise noted.

. Vortex agitation is not used to mix the samples. Sample wash-

ing is carried out gently using a 1 mL pipet and by blotting
with a clean Kimwipes. (See Note 4).

. Samples containing the fluorescent stains are incubated in

the dark.

Prior to staining, gently remove the residual liquid from the
chamber slide sample.

SYTO® 63 (total cells): Add stock solution to just cover the
sample.

Incubate for 30 min at room temperature.

Gently remove stain solution and wash sample with 1x PBS
(pH 7.2) until no background stain is visible (2—3 washes are

typical).

FITC (proteins, amino sugars): Wash sample three times with
phosphate buffer (0.05 M, pH 7.4).

Immerse the sample in 0.5 mL phosphate buffer (0.05 M,
pH 7.4) and add FITC stock solution (5 pL).

Incubate for 10 min at room temperature.

SYPROP Orange (proteins) (Fig. 1): Dilute the stock SYPRO
Orange solution 1:5,000 with aqueous acetic acid (7.5 %, v/v)
with vigorous mixing.

Add diluted stock solution to just cover the sample.

Incubate for 5 min at room temperature.

Gently remove stain solution and wash sample with 1x PBS
(pH 7.2) until no background stain is visible (2-3 washes are

typical).
Calcofluor White (cellulose and chitin): Place sample onto a
clean glass slide (see Note 5).
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3.3 Fluorescence
In Situ Hybridization
(FISH)

Fig. 1 FISH micrograph of Lactobacillus gasseri (ATCC 33323) biofilms grown in
vitro. The sample was fixed overnight at 4 °C in 50 % ethanol. The cells were
hybridized with universal bacterial probe EUB-338-Cy5 (red), and the biofilm
proteins were labeled with SYPRO Orange (blue). The scale bars is 20 um

19. Add on drop of Calcofluor White stock solution and one drop
of potassium hydroxide solution (10 % w/v).

20. Place coverslip over the specimen and leave for 1 min prior to
visualization.

21. Nile red (lipids, hydrophobic sites): Dilute the stock solution

with aqueous glycerol (75 % v/v) to a final concentration of
2.5 pg/mL.

22. Add just enough of the diluted stock solution to just cover the
sample.

23. Incubate for 1-2 min at room temperature.

24. Gently remove stain solution and wash sample with 1x PBS
(pH 7.2) until no background stain is visible (2—-3 washes is
typical).

25. DAPI (nucleic acids): Dilute the DAPI stock solution to
300 nM in PBS.

26. Equilibrate the sample briefly in PBS.

27. Add the diluted DAPI solution (300 pL) to the sample.

28. Incubate 1-5 min at room temperature.

29. Gently remove stain solution and wash sample with 1x PBS
(pH 7.2) until no background stain is visible (2-3 washes are

typical).

1. Our validated FISH method is based on a combination of lit-
erature procedures [23-25] (Fig. 2).

2. Fix specimen in 50 % ethanol for at least 18 h at 4 °C (once the
sample is fixed, it can be stored at 4 °C for several months
without appreciable deterioration).
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Fig. 2 FISH micrographs of Lactobacillus gasseri (ATCC 33323) biofilms grown in vitro. The cells were hybrid-
ized with (@) universal bacterial probe EUB-338-Cy5 (red) and (b) Lactobacillus-specific probe Lac-158-Cy3
(green) [21]. (c) Cells that hybridized with both probes appear yellow/orange. The images clearly show that
universal coverage was obtained with both probes. The scale bars are 50 um

3. On the day when hybridization is planned, prepare the hybrid-
ization and washing buffers (se¢ Note 1) according to the
probe specification and incubate at hybridization temperature
(we typically use 47 °C) until needed (see Note 6).

4. Remove sample from cooler and thaw to room temperature.

5. Gently remove the liquid with a pipet, taking care not to
disturb the fragile biofilm. Remove the residual 50 % ethanol
by blotting with a clean Kimwipes (see Note 4).

6. Gently add a predetermined volume of PBS solution (pH 7.2)
along the inside walls of the tube to rinse the biofilm taking
care not to disturb the fragile structure. Never add solutions
directly to the specimen. With our specimens (microfuge tubes
and chamber slides), 500 pL is typically sufficient.

7. Remove the PBS solution as in step 5.

8. Remove hybridization buffer from the incubator and rapidly
(to avoid cooling of the buffer) add 400-500 pL to the sample
(see Note 7).
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3.4 Scanning
Electron Microscopy
(SEM)

9

10.

11.

12.
13.

14.

15.
16.

17.
18.
19.

20.

21.

VXN w

10.

12.
13.

. Immediately add the FISH probe(s) (50-200 pmol) to the
sample.

Mix probe and hybridization buffer by gently aspirating the
supernatant fluid up and down in the pipet, 3—-5 times.

In all subsequent steps, protect the sample from light to avoid
probe photobleaching.

Incubate at 47 °C for 90 min.

Quickly add deionized H,O (1 mL, room temperature) to the
sample.

Using a 1 mL pipet, remove all the liquid from the tube,
leaving only the hybridized sample behind.

Repeat steps 13 and 14.

Add washing buffer directly from incubator using the same
volume as used in step 8 with the hybridization bufter.

Incubate for 20 min at 47 °C.
Remove the washing buffer with a 1 mL pipet.

Add deionized H,O (1 ml, room temperature) to the
sample.

Remove most of the H,O with a 1 mL pipet. Lease enough
fluid to just cover the specimen.

Store sample at 4 °C until it is to be imaged (se¢ Notes 8—-11).

. Fix specimen in 2.5 % glutaraldehyde in 100 mM phosphate
buffer (2.5 % v/v) for 2 h (se¢ Notes 2 and 12-16).

Wash thoroughly with deionized H,O to remove aldehyde
and phosphate from the specimens.

Soak in 1 % w/v aqueous tannic acid solution for 1 h.
Wash thoroughly with deionized H,O.

Postfix in 1 % w/v aqueous osmium tetroxide for 1 h.
Wash thoroughly with deionized H,O.

Treat specimens with aqueous saturated TCH for 1 h.
Wash thoroughly with deionized H,O.

Treat with aqueous 1 % w/v osmium tetroxide for 1 h.
Wash thoroughly with deionized H,O.

. Dehydrate using the following ethanol series: 30 % ethanol
(2x10 min), 50 % ethanol (2x10 min), 70 % ethanol
(2x10 min), 95 % ethanol (2x10 min), and 100 % ethanol
(2x 10 min).

Finally, change in 100 % dry ethanol (see Note 17).

Dry the specimen using a critical-point dryer or hexamethyld-
isilazane (HMDS) (see Note 18).
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Fig. 3 Day 14 microbial biofilms forming on intravaginal rings, delivering the antiherpetic drug acyclovir, worn
by women with recurrent genital herpes [13, 26]. (@) SEM image of epithelial cell monolayer on the ring sur-
face; scale bar=200 pm. (b) SEM image of nanowire-linked microbial biofilm cluster; scale bar=20 pm

14.

15.

3.5 Transmission 1.

Electron Microscopy

(TEM)
2.
3
4
5.
6

Mount dried specimen on aluminum specimen stub and exam-
ine in a scanning electron microscope (see Note 19) (Fig. 3).

Specimens should be stored in the presence of desiccant
(see Notes 20-22).

For examination of morphology, fix specimen in glutaralde-
hyde buffered in 100 mM phosphate buffer (2.5 % v/v/,
pH 7.2) for up to 3 h (see Note 23).

Take care not to cause handling trauma during any relevant
dissection (e.g., no crushing, pulling, squeezing, etc.).

. Wash with phosphate buffer (100 mM, pH 7.2), at least

3x10 min.

. Postfix with 1 % w/v aqueous osmium tetroxide on wet ice

for 2 h.
Wash thoroughly with deionized H,O.

. Postfix again with 1 % aqueous osmium tetroxide. It is possible

to reuse the first solution. For the second fixation, add aque-
ous potassium ferrocyanide solution (3 % w/v) for a final con-
centration of 0.3 % reduced osmium. Leave for 2 h.

7. Wash with deionized H,O 3x 10 min (se¢e Notes 24-27).

10.

11.
12.

. Wash with sodium maleate bufter (50 mM, pH 5.2) (see Note 28).

. En bloc stain with 1 % w/v uranyl acetate in maleate buffer

(50 mM, pH 5.2) for 1 h (see Note 29).

Wash with sodium maleate buffer (50 mM, pH 5.2), two
changes, 10 min each.

Wash with deionized H,O 3 x 10 min (se¢ Notes 30 and 31).

Dehydrate with an ethanol series: 30 % ethanol (2x10 min),
50 % ethanol (2x10 min), 70 % ethanol (2x 10 min), 95 %
ethanol (2x 10 min), and 100 % ethanol (2 x 10 min).
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3.6 Genomic DNA
Extraction

3.7 Chemical
Analysis

13

14.

15.

16.

17.

18.
19.
20.

21.

22.

23.

24.

25.

26.

S

. Ensure that the final ethanol steps are carried out using dried
100 % ethanol.

Replace ethanol with propylene oxide, and leave for two
changes, 10 min each.

Replace with fresh propylene oxide for 10 min.

Replace with epoxy resin/propylene oxide (1:1) and leave
overnight. At this stage, the epoxy resin should not contain
catalyst (see Note 29).

Replace 1:1 mixture with 1:3 propylene oxide/epoxy resin
mix and leave for 3-6 h.

Open caps for 1 h to let propylene oxide evaporate.
Replace with fresh resin for 4 h with rotation on mixing wheel.

Prepare fresh resin containing catalyst and place in embedding
molds.

Place specimen in molds with unique identifier labels, orien-
tate for best sectioning position, and transfer to 60 °C oven
overnight.

Section the embedded specimen in an ultramicrotome
equipped with a 45° angle diamond knife.

Collect the section onto Formvar-coated specimen grid and
contrast by floating section-side down on drops of 3 % w/v
aqueous uranyl acetate placed on Parafilm.

Wash with deionized H,O.

Repeat the staining procedure using aqueous lead citrate
(see Notes 32-34).

Dry the grids and examine in the transmission electron micro-
scope (see Note 35).

The PowerBiofilm™ DNA Isolation Kit is recommended for
genomic DNA extraction (see Notes 36-38).

Follow the manufacturer’s instructions without modifications.
. The RNeasy Mini Kit is reccommended for total RNA isolation.
Follow the manufacturer’s instructions without modifications.

Include an on-column DNase digestion step with the RNase-
free DNase kit (see Note 39).

A detailed discussion of the chemical analysis of vaginal microbial
biofilm samples is outside the scope of this book chapter as these
endeavors usually are hampered by the small sample sizes available
for study. A number of destructive (colorimetric and fluorometric)
methods have been described [27] and can provide semiquantita-
tive biofilm chemical composition. SEM coupled with energy dis-
persive spectroscopy (SEM-EDS) is a powerful tool to obtain
elemental microanalysis overlaid with high-resolution SEM images.
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Nondestructive methods such as Fourier transform infrared
(FTIR) spectroscopy and 2-D nuclear magnetic resonance (NMR)
spectroscopy can be useful techniques for determining and com-
paring the principal components of vaginal microbial biofilms
[27-35].

4 Notes

10.

11.

. Formamide can be added to the hybridization buffer if

required.

Rapid freezing, ideally using a high-pressure freezer, is the
preferred method of sample preservation for electron micros-
copy examination but is rarely feasible in practice due to logis-
tical constraints at the collection point and the need for
specialized, expensive equipment.

Mucins, highly glycosylated large proteins (10—40 MDa)
secreted by epithelial cells, make up an entangled viscoelastic
gel that forms part of the cervicovaginal secretions [36]. To
differentiate these proteins from biofilm EPS, mucins are
labeled specifically with commercial monoclonal antibodies in
biofilm cryostat sections using standard protocols [37].

Care should be taken to ensure that sample remains hydrated
throughout.

. Calcofluor White staining can reduce the signal intensity of

FISH probes.

The fixation and hybridization times were optimized for our
specimens. Due to variability in the vaginal microbial biofilm
composition across subjects, it is recommended to vary these
times as part of protocol optimization.

Minimize the amount of time the hybridization buffer is out
of the incubator to avoid cooling of the solution to room
temperature.

. When imaging the samples, move from low to high magnifica-

tion. Use the low magnification to align the sample as much as
possible and thereby minimize photobleaching.

Minimize the time spent under high magnification to mini-
mize photobleaching.

Magnification at 60x is usually sufficient to obtain images of
single microbial cells. Oil immersion optics and higher magni-
fication provide little benefit due to high photobleaching rates.

While a number of commercial photobleaching suppressants
exist, they are not recommended as they can add a haze to the
sample image and reduce the probe intensity. It is recom-
mended to practice obtaining high-quality images in a short
time period instead.
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12

13

14

15

16.

17.

. High-pressure freezing produces immediate immobilization
of small specimens in a frozen state. These specimens can be
sectioned and examined by electron microscopy while still fro-
zen [38-42]. This approach produces optimal ultrastructural
preservation but requires specialized specimen preparation
and imaging equipment, as well as considerable technical skills.

. High-pressure frozen specimens can be processed for embed-
ding in resin by dehydration at low temperature using a
method called freeze substitution [43]. Freeze-substituted
specimens can be embedded subsequently in low-temperature
resin such as Lowicryl HM20 [43, 44| or warmed for embed-
ding in epoxy resin [45]. Such an approach makes it possible
tor high-pressure frozen specimens to be examined using rou-
tine resin sectioning.

. Although chemical fixation is a convenient collection method
and dehydration at ambient temperature is a routinely applied
protocol in almost all electron microscopy laboratories, it is
not an ideal approach for preserving bacterial cells or bacterial
biofilms [46, 47].

. A feasible approach for preparing bacterial biofilms that does
not require high-pressure freezing and avoids chemical fixa-
tion is freezing by immersion in a cryogen such as liquid
propane or ethane [47]. The cryogen can be prepared in
advance and taken to the collection site while frozen in liquid
nitrogen. Immediately prior to sample freezing, the cryogen
can be warmed by immersion of a warm metal block, and,
when liquid, the specimen can be immersed. The frozen speci-
men is then transferred to 100 % dry ethanol or acetone on
dry ice for subsequent processing or transport. Further pro-
cessing consists of transferring to fresh solvent (optional con-
tents include 2 % glutaraldehyde, 1 % osmium tetroxide, 1 %
uranyl acetate, or suitable combinations). Immersion fixation
will not produce optimal ultrastructure of bacterial cells or
bacterial biofilms, but the preservation will be improved when
compared with chemical fixation [47].

Formaldehyde or glutaraldehyde both work well, but glutaral-
dehyde will make the sample harder [48]. Best results are
obtained if specimens are fixed as soon as possible. Handling
of the specimen should be kept to a minimum, both before
and after fixation. Specimen drying should be avoided at all
stages during collecting and subsequent processing.

The second approach for dehydrating chemically fixed mate-
rial at low temperature requires the specimens to be frozen in
the presence of cryoprotectant. Chemically fixed specimens
are soaked in dimethylformamide, 30 % v/v glycerol, or 2.3 M
sucrose and then immersed in liquid cryogen (propane, eth-
ane, or liquid nitrogen). The frozen specimens are freeze
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substituted in solvent. If sucrose is used as the cryoprotectant,
then methanol must be used as the freeze substitution medium
[49]. Methanol is able to solubilize the sucrose in the speci-
mens, whereas if ethanol or acetone is used, the sucrose
crystallizes and interferes with subsequent processing.

If immersion fixation is not an option, perhaps due to the haz-
ardous properties of gaseous propane and ethane, an aldehyde
fixation is the only option for preserving bacteria and biofilms.
The ultrastructure can be improved by dehydration at low tem-
perature. Two approaches are possible. The first, called the pro-
gressive lowering of temperature (PLT) method, gradually takes
chemically fixed specimens through washing and dehydration
steps while lowering the temperature. Fully dehydrated speci-
mens can be held at low temperature, infiltrated with low-
temperature embedding resin, and polymerized in resin by
ultraviolet light [50]. Alternatively, cold, dehydrated specimens
can be gradually warmed to ambient temperature and either
embedded in epoxy resin for examination by transmission elec-
tron microscopy or further dried using a critical-point drier for
examination by scanning electron microscopy. If a critical-point
drier is not available, then specimens can be dried in the presence
of HMDS, a reasonable substitute for critical-point drying [51].

Metal coating of specimens using a sputter coater may be required
to reduce charging in the microscope. Coating with platinum
produces a finer layer, but any metal coating over the specimen
surface can potentially cover essential fine structural details.

For electron microscopy, specimen preparation is a compro-
mise between applying ideal preparation protocols and practi-
cal considerations. For example, the best approach for
preserving subcellular morphology usually is high-pressure
freezing [47]. However, such an approach is challenging to
apply to specimens removed from human subjects due to
logistical considerations. Specimens have to be transferred
immediately to a high-pressure freezer for immediate freezing
by a trained operator.

In extreme circumstances, specimens collected for SEM can be
air-dried immediately after collection. The dry specimens can
be attached to specimen stubs and examined in the SEM,
either with or without a metal coating. The specimen ultra-
structure will not be optimal, and damage caused by air-drying
will be present. However, the specimen can be observed at low
magnification to document structures that might not be obvi-
ous by light microscopy. Specimens that have been processed
tor FISH can also be simply air-dried for CLEM, and if fine,
ultrastructural detail is not important.

Specimens processed for FISH (Subheading 3.3) subsequently
can be imaged by SEM [20]. Once light microscopy or confocal
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23.

24.

25.

26.

27.

28.

29.

images have been obtained, the specimens are carefully removed
from the glass slide or coverslip. The fully hydrated specimens
then are processed by fixation in buffered glutaraldehyde
(2.5 %), dehydrated, and critical-point dried. When mounted
onto the specimen stub, the orientation is noted so that the
same fields examined by light microscopy are imaged in the
SEM. This approach to correlative light and electron micros-
copy (CLEM) is not common, but offers an opportunity for
imaging large specimens where the fluorescent signal is overlaid
on an SEM image of the intact specimens (or reference space).

Fix specimens immediately after collection and avoid drying.
If specimens are to be used for immunolabeling, then fixation
in phosphate-buffered formaldehyde (4 %, v/v, pH 7.2) alone
may be more useful. However, specimens should then be
embedded in acrylic resins (e.g., Lowicryl HM20 or LR
White). Dehydration and resin infiltration times can be
reduced with the assistance of a microwave processor [52].
Microwave processing is useful for embedding in epoxy resins
and LR White resin. Semi-thin sections of embedded biofilms
mounted on glass substrate can be immunolabeled for light
microscopy examination, and thin sections of embedded bio-
films labeled for TEM examination.

The protocol has been written to give regular contrast to
the specimens and can be modified in many ways to affect
contrast. Some suggested changes are described below.

Different fixatives will affect the final appearance of the speci-
mens. Substituting sodium cacodylate (100 mM, pH 7.2) for
the phosphate buffer will produce less extraction of cell cyto-
plasm and thus result in decreased contrast in the TEM. The
use of Good’s buffers (TRIS, HEPES, PIPES, etc.) [53] will
result in decreased extraction and thus reduced contrast.

Shorter fixation times, or the use of selective detergents, also
can be used to manipulate retention of cellular contents and
thus affect contrast.

Shorten the postfixation step in osmium tetroxide. In step 4
(Subheading 3.5), incubate for 34 hin 1 % osmium tetroxide.
Jump to step 7.

Steps 9-11 (Subheading 3.5): Omit the sodium maleate buf-
fer and use aqueous uranyl acetate for slightly less contrast.
Alternatively, leave the specimens overnight at 4 °C in satu-
rated uranyl acetate in 70 % methanol for more contrast.

Step 12 (Subheading 3.5): Instead of using ethanol, dehy-
drate in graded acetone series. The propylene oxide steps then
can be omitted, substituting acetone for the propylene oxide.
If acetone is used, ensure it is completely removed from the
resin before polymerization starts.
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The incubation times given here are only suggested guide-
lines. They can be changed to fit different protocols and speci-
men types. Small pellets of cells will require less incubation at
each step than will tissues with tightly packed cells such as
nerve or muscle.

If at any time the protocol needs to be halted and continued
the next day, it is possible to store the samples at any of the
washing steps. Place the samples in the appropriate washing
solution and store it at 4 °C.

Reynold’s lead citrate [54]: Dissolve lead nitrate (1.33 g) in
30 mL of deionized H,O in a 50 mL volumetric flask. Add
sodium citrate (1.76 g) and mix. Shake the suspension for
1 min and then leave to stand for 30 min with intermittent
shaking. The lead nitrate is being converted to lead citrate
during this time. Add NaOH solution (4 g in 100 mL, 1 N,
8 mL) and mix well. Filter before use.

Venable and Coggeshall’s lead citrate [55]: Weigh out portions
of'lead citrate in 10 mL tubes. The amounts can vary between
0.1 and 0.4 g, with the larger amounts producing stronger
staining. When needed for staining, add 1 mL of 1 N NaOH
to a tube containing the aliquot of lead citrate and dissolve the
solid. Then add 9 mL of deionized H,O, filter, and use. Use
carbonate-free NaOH and fresh deionized H,O or H,O that
has been boiled to remove dissolved CO,.

Staining protocol for lead citrate: Prepare CO,-free, deionized
H,O by boiling and cooling H,O or by sparging nitrogen gas
through the H,O. Place drops of the lead citrate stain on clean
Parafilm. Float grids, section-side down, on the drops of stain
(one grid per drop). Incubate for recommended, or optimal,
time. Fill four 10 mL beakers with CO,-free deionized H,O;
in the first, add one drop of 1 N NaOH solution. Remove
each grid from the drop of stain and wash by rapidly immers-
ing, sequentially, in the four beakers of deionized H,O. Start
with the beaker containing H,O with 1 drop of NaOH. Dry
and examine in the TEM.

If the vaginal biofilms under study are on the surface of a med-
ical device (e.g., intravaginal ring, intrauterine device) and can
be embedded in epoxy resin to produce thin sections for
examination in the TEM, they should produce high-quality
images. However, the epoxy resin will most likely not infiltrate
the medical device, causing difficulties in sectioning the poly-
mer atambient temperature. A convenient alternative approach
is to remove the embedded biofilm from the medical device
substrate, mark the interface on the device (e.g., using nail
polish), and replace the device with fresh resin that is subse-
quently polymerized. The embedded biofilm can be sectioned
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36.

37.

38.

39.

easily using routine methods. If the medical device is required
to be in the section, remove as much of the material as possi-
ble, leaving the biofilm-device interface intact, and either re-
embed in fresh resin or attempt to section the interface. Soft
polymers can be successfully sectioned at low temperatures
using a cryoultramicrotome.

The PowerBiofilm™ DNA Isolation Kit (MO BIO Laboratories,
Inc.) can accommodate the low sample masses (50-200 mg)
typically available from vaginal specimens.

The above DNA isolation kit embodies three important
features relevant to vaginal microbial biofilms: Mechanical
shearing breaks up the cross-linked biofilm, heat-activated
enzymatic digestion dissolves most of the polysaccharides, and
the protein/inhibitor removal step usually affords high-qual-
ity genomic microbial DNA.

The removal of PCR inhibitors sometimes may require a dif-
ferent DNA isolation strategy. Under these circumstances, the
InstaGene Matrix (Bio-Rad Laboratories, USA) kit is
recommended.

A discussion of the methods for analyzing DNA and RNA iso-
lated from the vaginal specimens is beyond the scope of this
chapter. The first report of culture-independent characteriza-
tion of vaginal microbial communities dates to 2004 [56].
A number of subsequent studies have surveyed the vaginal
microbiome using culture-independent approaches to census
bacterial community composition, usually to improve our
understanding of the etiology underlying bacterial vaginosis
(BV) [11, 57-62]. Analyzing the metatranscriptomes of vagi-
nal microbial communities is more challenging and not as well
developed as methods for determining community composi-
tion and structure. McNulty and colleagues have described
methods for microbial RNA-Seq analysis of the fecal metatran-
scriptomes from gnotobiotic mice and humans [63]. Total
RNA was purified and converted into the corresponding
barcode-ligated double-stranded cDNA (dscDNA) [63, 64].
Multiplex sequencing was performed using the Illumina plat-
form according to published protocols [63].
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Chapter 8

Imaging Bacteria and Biofilms on Hardware
and Periprosthetic Tissue in Orthopedic Infections

Laura Nistico, Luanne Hall-Stoodley, and Paul Stoodley

Abstract

Infection is a major complication of total joint arthroplasty (TJA) surgery, and even though it is now as
low as 1 % in some hospitals, the increasing number of primary surgeries translates to tens of thousands of
revisions due to prosthetic joint infection (PJI). In many cases the only solution is revision surgery in which
the hardware is removed. This process is extremely long and painful for patients and is a considerable
financial burden for the health-care system. A significant proportion of the difficulties in diagnosis and
treatment of PJT are associated with biofilm formation where bacteria attach to the surface of the prosthesis
and periprosthetic tissue and build a 3-D biofilm community encased in an extracellular polymeric slime
(EPS) matrix. Bacteria in biofilms have a low metabolic rate which is thought to be a major contributor to
their recalcitrance to antibiotic treatment. The diagnosis of biofilm infections is difficult due to the fact that
bacteria in biofilms are not readily cultured with standard clinical microbiology techniques. To identify and
visualize in situ biofilm bacteria in orthopedic samples, we have developed protocols for the collection of
samples in the operating room, for molecular fluorescent staining with 16S rRNA fluorescence in situ
hybridization (FISH), and for imaging of samples using confocal laser scanning microscopy (CLSM).
Direct imaging is the only method which can definitively identity biofilms on implants and complements
both culture and culture-independent diagnostic methods.

Key words Orthopedic samples, Hardware, Prosthesis, Tissues, Membranes, Biofilm, Molecular
fluorescent imaging, FISH, Confocal laser scanning microscopy (CLSM)

1 Introduction

Periprosthetic joint infection (PJI) is a devastating complication
that is of major concern to patients, surgeons, and payers because
of the resulting high rate of disability, the difficult and lengthy
treatment, and high costs involved. The success rate for total hip
arthroplasties (THA) for periods exceeding 10 years is greater than
95 % [1], with a similar percentage for total knee arthroplasties
(TKAs). However, the ever increasing number of replacements,
which was approximately 300,000 THAs and 600,000 TKAs in the
United States in 2009 [2], translates to around 45,000 revisions
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per year, assuming continuing rates of implantation and failure.
For hips, aseptic loosening accounts for approximately half of all
revisions, followed by instability (10-17 %) and infection or septic
loosening (6-8 %) [1, 3]. In TKA the rate of septic loosening is
almost double (15 %) [3]. Infection is of greater concern in the
carly lifetime of the implant and causes 24 % of failures within
5 years after primary THA [1]. Thus, by conventional clinical diag-
nostic methods, infection could account for over 110,000 hip and
knee revisions per year in the United States alone. However, recent
reports suggest that difficulty in detecting PJI through conven-
tional culturing methods resulting from culture-negative results
may result in the misdiagnosis of a significant number of PJIs as
“aseptic loosening.” Pathogen-specific and broad-spectrum PCR
have been used to directly detect pathogen DNA in orthopedic
samples as an alternative to culture [4-7]. Rasouli et al. [5] found
that 17 of 65 (26 %) revised TKAs originally diagnosed as aseptic
loosening were actually infected, by using a broad-spectrum PCR
technique to detect DNA of bacterial pathogens extracted from
intraoperative periprosthetic tissue and fluid. It is suspected that
one of the difficulties with culturing is that the pathogens are pres-
ent as biofilms residing on the hardware and periprosthetic tissue
[6-8] and that biofilm bacteria are not readily cultured. It is not
clear, however, whether culture-negative results are due to the
presence of residual antibiotics and incorrect sampling (the bacte-
ria are on the surfaces and not necessarily the fluids) or whether
biofilm bacteria represent a dormant-like slow-growing phenotype
[9]. While sonication or vortexing of tissue and hardware certainly
increases the sensitivity of culture suggesting that false-negative
culture might indeed be a sampling issue with sonication more
effectively dislodging biofilm bacteria than a swab [9], the sonica-
tion procedure might also have a dilution etfect on residual antibi-
otics as well as stimulating microbial activity.

Moreover, not only are biofilm infections difficult to detect;
they are also genuinely challenging to treat because they may be up
to 1,000 times more resistant to antibiotics than their planktonic
(free-living) counterparts. It is estimated that about 13 million
biofilm-related infections occur every year in the United States [7].
In vitro and direct examination of clinical specimens indicates that
many species of pathogen can colonize virtually any medical mate-
rial and type of implant as well as the surrounding host tissues [ 10].

Currently, molecular methods appear to be better suited to
assess the presence of biofilm bacteria than culturing. Post et al.
[11] demonstrated that PCR effectively detected the presence of
bacterial DNA in cultural-negative middle-ear effusions. However,
there are potential difficulties with the diagnosis of orthopedic
infections. For example, one concern is that PCR-based methods
are too sensitive and can provide false-positive results by amplifying
the DNA of contaminant or colonizing (nonpathogenic) bacteria.
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Clinical microbiology labs must make a distinction between
contaminating and potential opportunistic organisms in the case of
orthopedic implants. For example, Staphylococcus epidermidis, a
common skin-colonizing bacterium, although a common contami-
nant in clinical culture, is capable of biofilm development which
represents its only virulence factor. Thus, in situ demonstration of
S. epidermidisin a biofilm facilitates this distinction. Similarly, while
increased culture-positive results following sonication imply the
presence of attached biofilm bacteria, this technique also fails to
directly demonstrate biofilm. Currently, the only way to clearly
diagnose bacteria being present in a biofilm is by direct observa-
tion. To this end, we have applied a variation of the “full circle”
approach used by Amann et al. [ 12] to identify non-culturable bac-
teria in the natural environment to clinical specimens. In this
approach, pathogens are detected by PCR, and their presence is
confirmed by direct microscopic examination. By using this
method, not only do we confirm the presence of bacteria, but we
can also determine whether they are present as a biofilm aggregates
as well as confirm the localization of infection (implant, cement,
perioperative tissue, fluid). Our working hypothesis is that micro-
scopic evidence of adhered biofilms, even after various rinse steps,
is strong evidence of a “growth in place” process and that these
bacteria are unlikely to be transient contaminants. Using this tech-
nique, Hall-Stoodley et al. [13] showed that pediatric otitis media
with effusion (OME) is a biofilm infection, and Nistico et al. [14]
found the most common middle-ear pathogens also formed bio-
films in pediatric adenoidal tissues. Biofilms have additionally been
detected on surgical sutures [15] and orthopedic prosthesis [6]
using fluorescent viability stains and fluorescent in situ hybridiza-
tion (FISH) in conjunction with confocal laser scanning micros-
copy (CLSM).

In order to identify bacterial pathogens that are directly
associated with recovered orthopedic hardware, periprosthetic
tissue, “membrane” (the “slimy” tissue often found at the surgical
site), and surrounding fluid, we have developed protocols for the
collection of samples in the operating room (OR) specifically
designed for visualizing bacteria and biofilms using CLSM follow-
ing molecular fluorescent DNA staining and 16S rRNA FISH.
In addition, we also use polysaccharide-specific probes in order to
visualize the extracellular polymeric slime (EPS) matrix, a hallmark
characteristic of biofilms. Our method allows us to scan fully
hydrated surfaces from a top-down view, rather than relying on
thin sections, in which biofilm might be easily missed, in order to
detect if any aggregated bacteria are present in the sample. In the
tollowing described protocols, we concentrate on imaging bacteria
and determining if they are present in a biofilm context.
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Fig. 1 Sample collection. (a) Sample collection kit consisting of (1) a plastic box with a lid pre-labeled with a
coded patient identification number, (2) written instructions for sample collection, (3) several labeled 15 ml
sterile plastic containers with sterile buffer solutions or RNAlater for the various types of samples (tissue,
membrane, cement, aspirates, and smaller hardware such as screws), (4) a labeled large biohazard bag for the
implant itself, and (5) a clinical data sheet. (b) Various kinds of metal implants. (c) Positioning and stabilization
of a metal rod sample on the microscope stage for imaging with a 63x water immersion objective

1.1 Overview of the
Experimental Protocol

1.1.1  Collection,
Preservation, and
Cataloging

The first part of the process is the collection, preservation, and
cataloging of the specimens and samples. Keeping track of samples
from an orthopedic revision surgery is very important since there
are usually several types of samples of widely varying sizes, some
requiring different preservation methods. Thus, the surgical team
must first be provided with a sample collection kit (Fig. 1a). The
importance of coordinating the specimen collection protocols and
their rationale with the OR team cannot be underestimated. The
kit that we have developed is comprised of a plastic box with a lid
pre-labeled with a coded patient identification number and instruc-
tions specific for the sample collection. The sample kit box con-
tains (1) several labeled 15 ml sterile specimen containers with
sterile buffer solution for different samples (tissue, membrane,
cement, aspirates, and smaller hardware such as screws), (2) a
labeled large biohazard bag for the implant itself (Fig. 1b), and (3)
a clinical data sheet. In addition, we routinely include containers of
RNAlater® (Invitrogen) for collection of periprosthetic tissue to
complement the direct microscopic observation with nucleic acid
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Fig. 2 (a) and (b) Periprosthetic tissue stained with the LIVE/DEAD Kit. Live bacteria (green) were present as
single cells and as biofilm clusters. In panel a, a few patches of dead (red) bacteria can be seen. In both
images, the nuclei of the tissue cells can be seen stained red with propidium iodide

1.1.2 Staining of
Bacteria and Biofilm EPS

detection methods such as PCR-based methods. The samples must
be immediately refrigerated at 4 °C or on ice upon collection to
arrest bacterial growth and should be processed within 1-2 h.

To assess biofilm bacterial viability using differential staining, the
samples should be stained with fluorescent markers as soon as pos-
sible after collection. For those samples allocated for FISH, imme-
diate fixation of the sample is required. The fixed samples can be
stored at =20 °C for long periods of time (months), and FISH can
be performed when convenient. However, once FISH has been
performed, samples must be examined as quickly as possible to
prevent deterioration of the permeabilized bacteria. If both viabil-
ity staining and FISH techniques are to be used, the samples must
be subdivided.

To assess the presence of bacterial biofilms nonspecifically,
generic fluorescent bacterial DNA stains can be used such as DAPI
and the SYTO probes. The most commonly used staining method
to assess bacterial viability is the LIVE /DEAD® BacLight™ viabil-
ity kit which contains two different nucleic acid stains, SYTO 9 and
propidium iodide, to distinguish live bacteria with intact plasma
membranes (green) from dead bacteria with compromised mem-
branes (red). These DNA dyes also stain human DNA, which is
useful for identifying human cells, which are readily distinguished
from bacteria due to their size and morphology (Fig. 2). We have
found that host cells initially take up the SYTO 9 and appear green
but after a few minutes may take up the propidium iodide and
appear red, regardless of original viability. Thus, the BacLight
LIVE/DEAD kit is not a reliable viability indicator for host cells.
In some cases, particularly if there is a dense concentration of host
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1.1.3 Staining Host Cells
and Matrix

1.2 Limitations
of the Methods

cells, the brightness of the fluorescent staining of these cells can
“mask” the signal from adjacent bacteria. To address this pitfall,
the LIVE/DEAD probes can be diluted by 1:5 or 1:10; however,
the staining will obviously not be as bright. To stain the EPS of the
biofilm, we have developed a lectin cocktail that binds to the car-
bohydrate residues present in the EPS [16]. A cocktail is used since
bacteria produce a wide variety of carbohydrates and there are no
generic carbohydrate stains.

One of the main challenges in staining the implants is their
size. While it is possible to cover the surface of a screw with fluo-
rescent stain, complete coverage is often not possible with larger
specimens such as stems and necks. For these larger specimens, we
recommended applying the stain and associated rinses to specific
locations on the specimen where biofilm is suspected. Another
consideration is the surface topography and sample curvature
since the CLSM objectives typically have a relatively short focal
depth (pm to mm) and therefore may be unable to image into
screw holes. Additionally, imaging may be blocked by protrusions
on the hardware. In our experience, we have found that the loca-
tions likely to harbor biofilm are the parts of metal or cement with
visible residual tissue, membrane, or bone attached. Anecdotally,
we have also noticed that the threads of the screws are more likely
to harbor biofilm.

Cytological fluorescent stains, such as phalloidin, can be used
to stain F-actin for visualization of the cell cytoskeleton in tissue
(see Note 1).

FISH is a powerful imaging technique for the identification and
mapping of bacteria on clinical specimens ex vivo. FISH also pro-
vides phylogenetic information, morphology, and distribution.
However, FISH does have limitations, including difficulties in the
detection of slow-growing bacteria (with a low number of ribo-
somes and subsequently low-signal fluorescence), and importantly
differences in the permeability of bacterial cell to FISH probes.
Permeability is of concern particularly for specimens containing
both Gram-negative and Gram-positive bacteria since an aggres-
sive lysozyme treatment for Gram-positive cells such as S. aurens
may lead to complete lysis of Gram-negative bacteria. Conversely,
a less aggressive permeabilization technique may leave Gram-
positive bacteria unstained and, therefore, undetected. To over-
come this problem, specimens are frequently fixed, embedded, and
sectioned before being immobilized on gelatin-coated slides so
that bacterial ribosomes remain relatively localized. However, we
prefer to view the specimens in plan view rather than thin sections
to provide a more accurate representation of biofilm distribution
and ultrastructure. In adenoid tissues, we found that thin H&E
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sections could easily overlook biofilm [9]. However, it may be
advisable to use conventional histological techniques in addition to
FISH since we suspect that the fixation, permeabilization, and
washing steps used in the FISH protocol without cryopreservation
or embedding may cause some biofilm detachment.

Finally, in its current format, FISH as an approach for detect-
ing pathogenic biofilms in samples and indeed confocal microscopy
generally are highly specialized and time-consuming techniques
that are not likely to be adopted in the near future for standard
clinical microbiology diagnostics. Currently, direct imaging is the
only definitive method of identifying bacterial biofilms, and the
power of FISH and confocal imaging is that they can be used to
independently corroborate more rapid and standard diagnostic
methods such as culture and PCR.

2 Materials

2.1 Sample
Collection

2.2 Bacterial DNA
Staining to Assess

Bacterial Presence
and Viability

2.3 Lectin Cocktail
Stain for the
Visualization of the
Garbohydrate
Gomponent of the EPS
of the Biofilm

1. Clear plastic rectangular box with lid 8”x15”.
2. Sterile Nalgene sample storage pots, 15.0 ml.

3. Biohazard Lab Guard polyethylene specimen transport bags,
12"x 15" bag.

4. Precoded labels.
5. Clinical data sheet.
6. Sterile phosphate buffer solution (PBS).

1. Sterile Hank’s buftfer saline solution (HBSS) with Ca** and Mg?*.

2. DNA stains such as 0.5-1.0 pg DAPI/ml of HBSS with Ca**
and Mg?*, 3 pl of SYTO 59 or LIVE /DEAD® BacLight™ via-
bility kit (propidium iodide, SYTO 9) in 1 ml of HBSS with
Ca?* and Mg?** (see Notes 1 and 4).

1. Sterile Hank’s buffer saline solution (HBSS) with Ca?* and
Mg?*.

2. Concanavalin A, conjugated with Alexa Fluor fluorescent stain
(see Notes 1 and 4). 50 pl of the stock solutionlmg,/ml.

3. Lectin SBA from Glycine max (soybean), conjugated with
Alexa Fluor fluorescent stain (see Notes 1 and 4), 125 pl of the
stock solution 1 mg,/ml.

4. Wheat germ agglutinin, conjugated with Alexa Fluor fluores-
cent stain (see Notes 1 and 4), 125 pl of the stock solution
1 mg/ml.

5. Lectin PNA from Arachis hypogaea (peanut), conjugated with
Alexa Fluor fluorescent stain (se¢ Notes 1 and 4), 50 pl of the
stock solution 1 mg,/ml.
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2.4 Cytology
Fluorescent Stain:
F-Actin Stain for
Visualization of the
Cell Cytoskeleton in
the Tissue

2.5 Sample Fixation

2.6 Liquid Sample
(Aspirate)
Immobilization

2.7 Additional
Permeabilization for
Gram+ Bacteria

(If Required)

6.

Lectin GS-II from Griffonia simplicifolia, conjugated with
Alexa Fluor fluorescent stain (see Notes 1 and 4), 75 pl of the
stock solution 1 mg,/ml.

Mix the 5 lectins (total volume 425 pl) in a 2 ml tube. Add
575 pl of HBSS with Ca?* and Mg?* to reach a total volume of
1 ml. Microcentrifuge briefly to pelletize out any protein
aggregates which may be present according to manufacturer
instruction. Decant the supernatant to a new 2 ml tube and
discard the pellet. The lectin cocktail is ready to use.

. Sterile Hank’s buffer saline solution (HBSS) with Ca** and

Mg*.

. Triton 0.1 % in PBS: Add 0.1 ml of Triton X 100 to 99.9 ml

of PBS.

. Phalloidin conjugated with Alexa Fluor fluorescent stain

(see Notes 1 and 4). Add 25 pl of the stain to 1 ml of PBS.

. Phosphate buftered saline (PBS): 7.6 g NaCl, 0.4 g NaH,PO,,

1.3 g Na,HPO,, 800 ml MQ water (MQ); adjust to pH 7.2,
fill to 1 L, and autoclave.

. Paraformaldehyde (4 % PFA): Dilute electron microscopy

grade 16 % paraformaldehyde stock solution with PBS; filter
sterilize. Use fresh PFA (stored at 4 °C) for 1 week maximum.
A concentrated stock solution of 16 % can be kept long term in
the dark at room temperature and diluted with PBS prior to
use. PFA is a hazardous material which gives off irritating
fumes, and precautions must be taken in handling. Disposal
should be in accordance with all local, state, and federal regula-
tions (see Note 2).

. Ethanol-PBS solutions 50:50 % and 80:20 %; filter sterilize.
. Containers of different sizes for fixed sample storage.

. Bench centrifuge.

. Gelatin-coated slides: Soak Shandon multi-spot microscope

slides in a solution of 0.075 % gelatin and 0.01 % CrK(SO.),
heated to 70 °C for 1 min and then air-dry in vertical position.

. Tris-HCl 1 M (2-amino-2-(hydroxymethyl)propane-1,3-diol-

HCI): 121.1 g Tris, 800 ml MQ); add concentrated HCI to
pH 8.0 (about 42 ml). Autoclave.

. Ethylenediaminetetraacetic acid (EDTA) 0.5 M: 186.1 g

EDTA, 800 ml MQ; to dissolve, stir and adjust pH to 8.0; fill
to 1 L. Autoclave.

. Solution of 0.1 mg/ml lysozyme in a bufter of 0.1 M Tris—

HCI and 0.05 M EDTA. Filter sterilize. Store in aliquots in
freezer at —20 °C.



2.8 FISH

281 InSitu
Hybridization Buffer

2.8.2 Fluorescently
Conjugated 16S rRNA
Probes (Table 3, Note 4)

2.8.3 Washing Buffer

2.9 Microscopy

N O U

o
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. Ethanol (molecular biology grade); filter sterilize.

. Ethanol-PBS solutions: 50 % and 80 %; filter sterilize.
. Sterile disposable scalpel.

. Petri dishes 60x 15 mm.

. NaCl, 5 M: 292.2 g NaCl, 800 ml MQ, fill to 1 L.
. TrissHCI 1 M, pH 8.0.

. Formamide deionized. Formamide is a hazardous material

releasing irritating fumes, and precautions must be taken when
handling. Disposal should be in accordance with all local, state,
and federal regulations (see Note 2).

. Sodium dodecyl sulfate (SDS) 10 %: 100 g SDS (electrophore-

sis grade), 900 ml ultrapure MQ water, heated to 68 °C; adjust
pH to 7.2, with concentrated HCI, and make up to 1 L. SDS
is a hazardous material, and precautions must be taken in han-
dling. Dispose in accordance with all local, state, and federal
regulations (se¢ Note 2).

Mix 360 pl of 5 M NaCl, 40 pl of 1 M Tris—HCI, pH 8.0,
xpl of formamide deionized (the optimal formamide concen-
tration is determined for each probe) in a sterile 2 ml
Eppendorf snap cap tube. Fill to 2 ml with MQ. Add 2 pl of
10 % SDS (see Note 3).

. Microscope slide.
. Incubator.
. Water bath.

. 1 M Tris-HCI, pH 8.0.

2. 5 M NaCl.

3.

0.5 M EDTA.

Mix 1 ml of 1 M Tris—-HCI pH 8.0, ypl of 5 M NaCl (y depends on
the formamide concentration in the hybridization buffer), zpl of
0.5 M EDTA (for z see Table 1) in a 50 ml sterile conical tube.

Fill to 50 ml with MQ. Add 50 pl of 10 % SDS (see Note 3).

1. Shandon multi-spot microscope slides.
2. Petri dishes 60 x 15 mm.

3. Cover glass, No 1 %2, 24 x50 mm?.

4. Silicone Sealer (see Note 5).

5. Antibleaching mounting oil.
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Table 1
NaCl and EDTA concentrations in the washing buffer to achieve required
stringency conditions

% Form amide

(hybridiz. buffer) 5 M NaCl (=) pl 0.5 M EDTA (=2) pl
0 9,000 -

5 6,300 -
10 4,500 -
15 3,180 -
20 2,150 500
25 1,490 500
30 1,020 500
35 700 500
40 460 500
45 300 500
50 180 500
55 100 500
60 40 500
65 —a 500
70 - 350
75 - 250
80 - 175
85 - 125
90 - 88
95 - 62

*Enough NaCl in EDTA

. Alkaline mounting oil: 50 % PBS pH 8.5-glycerol.

. Immersion oil for fluorescence microscopy Type DF for use

with gelatin-coated slides with liquid samples (either broth cul-
ture for probe validation or clinical aspirates).

. Confocal laser scanning microscopic (CLSM) imaging system.

In our case, we used a Leica DM RXE microscope attached
to a TCS SP2 AOBS confocal system (Leica Microsystem,
Exton, PA).

. Microscope objectives, 10x dry, 20x dry, and 63x 0.90 n.a.

WUVHCX APO LU-V-I water immersion objective with
2.2 mm working distance.
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3 Methods

3.1 Sample
Collection

3.2 Additional Tissue
Staining

3.2.1 DNA Staining for
the Visualization of Biofilm
and the Tissue Cell
Nucleus in the Tissue

3.2.2 F-Actin Stain for
Visualization of the Cell
Cytoskeleton in the Tissue

Before proceeding with specimen collection, it is essential to only
do so under approval by the appropriate institutional review
board(s) or ethics committee(s) and to have documentation of vol-
untary informed consent if required.

1.

Label the lid of the rectangular plastic box with instructions for
the collection of the samples and the patient coded ID. Each
patient has a unique code and “encounter number” so that
specimens collected from the same patients but from multiple
surgeries could be identified when the code was unlocked.

. Label the sterile sample storage pot with the appropriate label

(tissue, aspirate, membrane, etc.) and the patient coded ID.

. Label the biohazard plastic bag with the patient ID.
. Place 10 ml of PBS in each of the sterile sample storage pot.

For samples requiring DNA or RNA extraction for PCR phy-
logenetic analysis instead of PBS, place 10 ml of RNA later in
each of the sterile sample storage pot. We have demonstrated
that FISH staining can be successfully conducted on samples
stored in RNA later (data not shown).

. Remove the sample from the PBS and place in a suitable sized

container. This step also serves as a rinse step to remove loosely
attached bacteria.

. Cover the sample, if small (i.e., less than approximately 1 cm?),

with the working solution of DAPI, propidium iodide, or a
SYTO stains for 20 min at room temperature (RT) in the dark
(see Note 1). If the sample is larger, add the stain to the loca-
tions where biofilm is suspected. Usually one to three drops
from a P20 pipette tip are sufficient to wet an area of 1 cm?.

. Rinse the sample twice with HBSS and then let the tissue stay

moist with HBSS covering the surface.

. Incubate the sample with 0.1 % Triton for 3-5 min to increase

the tissue and host cell permeability.

. Rinse the sample 3 times with HBSS.

6. Cover the sample, if small (< approximately 1 cm?), with the

working solution of phalloidin fluorescently conjugated (see
Note 1) and stain for 25 min at RT in the dark. If the sample
is larger, add the stain in the places where most likely biofilm
can be found.

. Rinse the sample twice with HBSS and then let the tissue stay

moist with HBSS covering the surface.
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3.3 Fixation

3.3.1 Fixation of
Gram-Negative or
Unknown Bacteria in
Suspension (Liquid
Samples Such as Aspirate)

3.3.2 Fixation of
Gram-Negative or
Unknown Bacteria in
Tissue, Membrane,
Screws, and Implants

3.3.3 Fixation of
Gram-Positive Bacteria

in Suspension

(Liquid Bacterial Culture f
or Probe Testing, Aspirate)

3.3.4  Fixation of
Gram-Positive Bacteria in
Tissue, Membrane,
Screws, and Implants
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Ideally, FISH requires different fixation methods for Gram-positive
and Gram-negative bacteria. However, because of limitations of
time and available samples, it is not always possible to fix using two
different protocols. To facilitate the detection of both Gram-
positive and Gram-negative bacteria simultaneously using FISH,
we developed a single fixation process:

1.

Remove the PBS (or RNA later and in this case rinse with PBS)
and add a freshly prepared solution of 4 % PFA to sample
(2—4 % final concentration).

2. Incubate for 1-12 h at 4 °C depending on the size of sample.

N O\ Ul

. Spin down biomass in the bench centrifuge 1 ml Eppendorf

tube using a bench centrifuge and remove supernatant (discard
in PFA /formamide waste). Resuspend the pellet in PBS.

. Spin down biomass and remove supernatant a second time.
. Repeat steps 4 and 5.

. Finally, resuspend in 50 % ethanol-PBS solution.

. Store at =20 °C.

. Remove the PBS (or RNA later and in this case rinse with PBS)

and add a freshly prepared solution of 4 % PFA to the sample
to achieve a 2—4 % final concentration.

2. Incubate at 4 °C for 2-12 h (depending on sample size).

. Remove PFA carefully using pipette aspiration (discard in the

PFA /formamide waste).

4. Add PBS in at least 2x the volume of PFA used in step 1.

. Incubate for 10 min at RT.

6. Remove the PFA by pipette aspiration (discard in the PFA/

formamide waste).

. Repeat steps 4-6.
. Add 50 % ethanol-PBS.
. Store at =20 °C.

. Spin down biomass and remove supernatant as described

above.

. Add 50 % ethanol-PBS in intended amount (cell concentration

can be increased or decreased by adding the appropriate
volume).

. Store at -20 °C (incubate at least 24 h).

. Add 50 % ethanol-50 % PBS solution to the drained (but not

dried) sample so that it is completely covered.

. Store at =20 °C (incubate at least 24 h).



3.4 Immobilization
of Liquid Samples

3.5 Additional
Permeabilization for
Gram-Positive or
Unknown Bacteria

3.6 Fluorescentin
Situ Hybridization
(FISH)
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1. Add 10-20 pl of the fixed stored sample per well on
gelatin-coated Shandon multi-spot microscope slide.

2. Allow to dry at RT in a closed container for a few hours.
3. Wash for a few seconds with MQ water.
4. Air-dry.

If Gram-positive bacteria are suspected or have been cultured, an
additional treatment for permeabilization of bacterial cells is
necessary:

1. Add 20 pl/ml of lysozyme solution on the microscope slide
immobilized samples.

2. Place the slide in a 50 ml conical tube with a tissue paper gently
wadded in the bottom and soaked, but not dripping, to maintain
a humid environment such that the sample does not dry out.

. Incubate at 37 °C for up to 3 h (see Note 6).

. Remove lysozyme solution by gentle pipetting.

Rinse twice with a few drops of PBS by gentle pipetting.

. Add 20 pl 50 % ethanol-50 % PBS solution for 3 min. Remove.
. Add 20 pl 80 % ethanol-20 % PBS for 3 min. Remove.

. Add 20 pl 100 % ethanol-PBS for 3 min. Remove.

. Allow to air-dry at RT.

O N UL W

In case of tissue and membrane (containing unknown bacte-
ria), place the fixed and stored sample in a Petri dish, cut a
0.5-1 mm thick section using a sterile scalpel, and store the resid-
ual sample at =20 °C for further analysis. Place the tissue section on
a slide and treat it as described in Subheading 3.5, using adequate
volumes.

In the case of screws or implants (containing unknown bacte-
ria), place the fixed and stored sample in an adequate size container
and treat as described above in this Subheading 3.5, using ade-
quate volumes.

The fluorescently conjugated 16S rRNA probes are applied to
fixed and permeabilized bacterial cells under stringent hybridiza-
tion conditions. The probes specifically hybridize with their
complementary target sequences in the ribosomes within the bac-
terial cells, making them fluorescent. Stringency conditions were
modified from Manz et al. [17] and achieved by changing the for-
mamide from 0 to 50 % in incremental steps of 5 % together with
the salt concentrations but keeping the hybridization and wash
temperatures constant. The optimal stringency is usually consid-
ered the highest formamide concentration that doesn’t result in
loss of fluorescent intensity on the target bacterial cells using a
pure culture as a representative species. Hybridization to nontarget
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3.6.1 Probe Selection

3.6.2 Probe
Reconstitution
and Staining

bacteria should not occur. Controls for probe evaluation should
always include the target probe, the domain-level probe (EUB338)
[18], the nonsense probe (NONEUB338) [19], and a no-probe
control to check for sample autofluorescence [20].

FISH is a targeted approach, meaning that probes are selected for
a genus or species of interest or informed from culture or PCR
results. Generally, a good starting point is to search for probes
which have already been described and published. If species-spe-
cific probes are not available, generic domain or genus probes may
be used; however, it must be kept in mind that these results are less
compelling for pathogen identification. For common pathogens, it
is likely that 16S FISH probes have already been designed and
optimized and reported in the literature. probeBase (http: //www.
microbial-ecology.net/probebase /) is an excellent resource to
search for available probes. Discussion regarding the design of
probe sequences for genera or species not reported in the literature
is outside the scope of the present protocol. 16S rRNA probes can
be selected to hybridize at various phylogenetic levels down to spe-
cies level with the most commonly used for surgical site infections
being domain bacteria for all bacteria, genus, and species. Once a
probe sequence has been identified, several companies provide syn-
thesis and conjugation with various fluorescent dyes including
DAPI (4',6-diamidino-2-phenylindole); the sulfoindocarbocya-
nines Cy3, Cy5, and Cy7; and FAM (6-carboxy-fluorescine).
Multiple fluorescent probes can be used simultaneously or sequen-
tially if they are conjugated with different fluorescent dyes
(see Note 4) [21].

This section is modified from a protocol described for FISH on
adenoid tissues [22].

1. Usually, the probe stock is delivered in a lyophilized state.
First, suspend in 100 pl of MQ water according to manufac-
turer instructions. The probe concentration can be verified by
absorbance of a 1:100 diluted stock solution at 260 nm
(1 Azep=20 pg/ml DNA). The Cy3 dye has maximum absor-
bance around 550 nm, and a A,/ Asso ratio of approximately
1 is expected for a monolabeled 18-mer probe. Prepare ali-
quots of working solution probes at 50 ng/pl and store at
-20 °C (see Note 7).

2. Use 8 pl of hybridization buffer and 1 pl of fluorescently
labeled probe as a working solution. For large samples, use a
larger volume of the solution with the same ratio of hybridiza-
tion buffer and fluorescently labeled probe. Multiple probes
can be used simultaneously if they use the same formamide
concentration; in this case, add 1 pl of each to 8 pl of hybrid-
ization buffer. In the case where three probes are to be used at
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3.7 Mounting
the Specimens

3.7.1  Mounting
Microscopy Slides

3.7.2  Mounting Tissue,
Membrane, Screw,
and Implant
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the same time, the total volume of the probes should be
reduced to 2 pl. Probes that require different formamide con-
centrations have to be hybridized sequentially. Start with the
probe with the higher formamide concentration and move to
those with lower formamide concentrations.

3. Place a folded paper towel approximately the size of a micro-
scope slide in a 50 ml Falcon conical tube and pour the remain-
ing hybridization buffer onto a piece of wadded paper towel or
Kimwipe which is positioned underneath the glass slide. This
creates a moist environment reducing evaporation of buffer
from the sample during hybridization. Apply 10 pl of the
hybridization butfer—probe mixture onto each well in the slide
tor a liquid sample immobilized on multi-spot microscope gel-
atin-coated slide. Apply a larger volume of the mixture (main-
tain the same ratio) to cover the sample (tissue, membranes,
screws, and implants). Place the slide with the sample in the
tube, screw on cap, place horizontally in the hybridization
oven, and hybridize for 90-120 min at 46 °C. For large sam-
ples, place the sample in an adequate size container, screw on
cap, place in the hybridization oven, and hybridize for
90-120 min at 46 °C (see Note 8).

4. Quickly wash oft the hybridization buffer with pre-warmed
washing buffer (se¢ Note 9).

5. Incubate the samples in the remaining pre-warmed washing
buffer for 15 min in a water bath at 48 °C (se¢ Note 8).

6. Rinse the samples with MQ water and allow to dry at RT in the
dark.

In this section, we will provide protocols we use for examining
liquid samples such as aspirate as well as tissue biopsies which can
vary in size from a few millimeters to very large implants.

Mount slides in antibleaching oil and cover with a 24 x50 mm?
cover slip. If using fluorescein stains, the PBS pH should be
adjusted to 8.5 with 0.1 mM NaOH to maximize the fluorophore
brightness.

Gently blot absorb the excess liquid from the tissue, membrane,
and screw using a paper towel or a Kimwipe. Place a smear (approx-
imately 0.5 ml) of silicone sealer on the bottom of a Petri plate
60 x 15 mm and attach the tissue section to it by gravity or if neces-
sary some gentle pressure applied at the edges of the specimen.
Allow to dry for 10 min. For large metal pieces, use adequate size
containers. Since FISH staining of the entire component will not
be economically viable, localized areas can be stained by applying
stains and rinses in drops to an area of interest.
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3.8 Confocal Laser
Scanning Microscopy

3.8.1 Tissue, Membrane,
and Screw Mounted in
Petri Plate or Larger
Containers

Once the samples are stained, they are ready for imaging with
CLSM. The large size and sometimes irregular shape of the
implants can make imaging challenging. For example, intramedul-
lary rods (nails) can commonly be up to 45 cm long. The main
issues are overloading the stage and limited space to position the
specimen under the microscope objective. We used custom-made
polycarbonate containers and side supports to accommodate the
overhang| (Fig. 1c¢). It is important to consider the weight-bearing
capacity of the stage so as not to cause damage. Some microscopes,
such as the Leica system, have a removable piezoelectric stage,
which should be removed when imaging heavy samples. For
inverted microscopes, weight is less of an issue although imaging
can be difficult for non-flat surfaces which might be held too far
away from the objective to allow imaging.

The sample attached to the Petri plate and submerged under PBS
can be observed with a 63x water long working distance immer-
sion objective. The advantage of using this objective is that the
biofilm can be observed on relatively rough surfaces since the long
working distance minimizes hitting any “high spots” on the speci-
men with the objective. For larger hardware, we recommend to
lower the microscope stage as much as possible, stabilize the con-
tainer by possibly adding supports to hold the overhang and take
some of the weight bearing off of the stage (Fig. 1¢), and if neces-
sary remove all the microscope objectives not in use so that they do
not hit the implant or sides of the containers. Generally, we recom-
mend first performing a surveillance scan with a long working dis-
tance 10 or 20x air objective. While individual cells are not readily
resolved at these magnifications, small clusters of biofilm can
appear as pinpoints of bright light. After identifying promising
areas, move to the 63x water immersion objective for higher reso-
lution. Even though the resolution is not as great as higher numer-
ical aperture objectives, such as oil immersion objectives, single
cells and biofilm clusters are readily resolved. We often use the
zoom function for the final image collection.

The selection of compatible stains and the appropriate laser
lines in accordance with the spectral properties of the fluoro-
chromes is extremely important for successful imaging when using
multiple staining. When performing multiple fluorescent generic
DNA stains and cytology stain or FISH labels simultaneously, it is
important to choose fluorophores whose excitation/emission
wavelengths have minimal overlap (see Notes 1 and 4) to avoid
cross talk, which occurs when several fluorescence signals are
recorded in a single detection channel so that they cannot be sepa-
rated into individual images. To avoid cross talk, sequential scan-
ning is an option which allows greater flexibility in choice of
fluorophores. Sequential sequencing allows dyes with overlapping
emission spectra but different excitation wavelengths to be
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Fig. 3 Examples of FISH staining. (a) Periprosthetic membrane stained with the Propionibacterium acnes FISH
probe conjugated with the Cy3 fluorophore. (b) Periprosthetic tissue stained with the universal bacterial FISH
probe EUB338 conjugated with the CY3 fluorophore. In both images, the blue is the reflected light from the
sample surface and in red are the bacteria as single cells and as biofilm clusters

differentiated by capturing images excited with different laser lines
in rapid sequence. In addition to the detection of fluorescence sig-
nals, it is also sometimes useful to collect transmitted light, provid-
ing the specimen is not opaque, or reflected light to show the
surface of the specimen. For reflected imaging, we use the 488 nm
laser line and set a “blue” detector to collect the reflected light.
The reflected image was optimized using the acousto-optical beam
splitter (AOBS) function, and the optimal contrast was achieved by
using high-gain and high-background detector settings.

Figs. 3 and 4 are show CLSM images of tissue, membrane,
screw, and implants. FISH was performed with several 16S rRNa
probes (Table 2), and other dyes were used in different combina-
tions (Table 3) to visualize the tissue and the localization of the
bacteria on hardware and periprosthetic tissue.

4 Notes

1. Several fluorescent generic DNA dyes can be used to stain the
tissue sample. Since the colors that can be observed
simultaneously are limited, if the same color is used during
FISH and in the tissue staining, it will be difficult to discrimi-
nate the bacteria in the tissue. It FISH is performed using dif-
ferent probes conjugated with different colors, it is preferable
to observe the sample, annotate what bacteria are present, and
then stain the tissue. It is recommended to choose the colors
of the generic tissue stains such that it will be possible to see at
least the most relevant (specific) probe used during FISH.
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Fig. 4 Various combinations of FISH imaging of bacteria and biofilm on periprosthetic tissue form an ankle
revision [7]. (@) S. aureus cells in biofilm clusters stained with FISH probe sauCy3 (green) and the nucleic acid
stain SYTO 59 (red) to appear as yellow. SYTO 59 also stained host cells (red). A, and A, are plan and side
views, respectively. (b) Dual staining of a biofilm cluster with sauCy3 and SYTO 59. B, S. aureus cells in stained
green with the FISH probe and B, all cells stained red. Diffuse red staining between cells is possibly extracel-
lular DNA (DNA) in the EPS. B; combined channels and B, show the fluorescent intensity profiles across the box
shown in B, showing that 3 of the cells were stained with both sauCy3 (top profile) and 4 cells were stained with
SYTO 9. One of the cells was stained with SYTO 9 only (black arrow) indicating it was not S. aureus and the
biofilm was polymicrobial. (¢) S. aureus stained with sauCy3 (green) on the tissue visualized by reflected imag-
ing of 488 nm (blue) light. (d) Sample adjacent to “C” stained with the NONEUB-Cy5 probe (red). No bacteria
were evident showing that the hybridization conditions were stringent for S. aureus specificity. There was
some diffuse signal which was probably autofluorescence

2. It is recommended that chemical goggles, appropriate
protective gloves, and masks are worn.

3. It is recommended to add the SDS last in the hybridization
and washing buffer to avoid precipitation with the concen-
trated NaCl and to avoid foam formation.
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FISH probe and 16S target sequences and bacterial target
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Probe 16S sequence Target References
Eub338 GCTGCCTCCCGTAGGAGT All bacteria Amann et al. [18]
NONEUB338 ACTCCTACGGGAGGCAGC Nonsense sequence  Manz et al. [17]
Sta TCCTCCATATCTCTGCGC Staphylococcus spp. Trebesius et al. [23]
Str CACTCTCCCCTTCTGCAC Streptococcus spp. Trebesius et al. [23]
Pac997 TCT GGA AAG TTC TCA GCA Pseudomonas spp. Amann et al. [24]
Sau GAAGCAAGCTTCTCGTCCG Staphylococcus Kempf et al. [25]
aurens
Spn GTG ATG CAA GTG CAC CTT Streptococcus Kempfetal. [25]
pnenmonin
PseaerA GGT AAC CGT CCC CCT TGC Psendomonas Hogardt et al. [26]
AErUGINOSH
PAC 168 598 GCC CCA AGA TTA CACTTC CG  Propionibacterium  Poppert et al. [27]
acnes
ENF 191 GAAAGCGCCTTTCACTCTTATGC  Enterococcus fuecalis  Wellinghausen
etal. [28]
TRE II GCTCCTTTCCTCATTTACCTTTAT  Treponema denticoln  Moter et al. [29]
pB 394 ATGCGGTCCAAAATGTTATCCGG  Bacillus cereus Liu et al. [30]

4. Several fluorophores can be used during FISH, provided that

the microscope is equipped with the appropriate set of excitation
and emission filters. Fluorophores that have similar spectral
characteristics cannot be used at the same time, but 2 morpho-
logically distinct organisms can be marked with the same color.

. Silicone sealer or a few drops of 10 % agarose dissolved in

water can be used to attach the tissue section to the Petri
dish before the attachment. It is always important to gently
absorb the excess liquid from the tissue section using a paper
towel. The tissue can be attached when the agarose is still
soft and needs to dry very well betore bufter is added for the
microscope observation with a water immersion objective.
The best product to use to obtain a firm attachment will
depend on the kind and consistency of the tissue (moistness,
texture, etc.).

. If possible, prior testing should be performed to find the opti-

mal time (in fact, a shorter time may better preserve the mor-
phology of Gram-negative bacteria that might be present in
unknown samples).
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Table 3

Fluorescent probes commonly used showing the maximum excitation wavelength (Ex), the maximum
fluorescence emission wavelength (Em), the confocal laser line used to excite the stain, the nominal
false color that we commonly assign, and the target and/or conjugate. Our general convention was to
image the surface of the implant/tissue/membrane with reflected light, normally depicted in blue,
and the bacteria were normally shown in red, regardless of fluorophore

Fluorescent probe or Ex Em Target and conjugate for FISH probes
imaging technique (nm) (nm) Laser (hnm) Color the name of the probe, i.e., “Sau”
General stains
SYTO 9 483 500 488 Green  All bacteria and host nuclei (live
bacteria when used in conjunction
with propidium iodide).* In some
cases, extracellular DNA (eDNA) in
the EPS can be detected
Propidium Iodide 538 617 488 or543 Red All bacteria and host nuclei in fixed
or 594 samples. Dead bacteria when used
in conjunction with SYTO 9 on
unfixed samples. In some cases,
e¢DNA can be detected
SYTO 59 622 644 543 Red All bacteria and host nuclei. In some
cases, cDNA can be detected
Transmitted light NA NA Any Gray  Tissue components and bacteria
Reflected light NA NA 488 Blue  Surface of tissue, foreign body
surfaces, and bacteria. In some
cases, cytoskeleton is readily
distinguishable
Cyrology
Phalloidin-Alexa488 493 519 488 Blue Cytoskeleton—F-actin
FISH stains®
Cy3 550 564 543 Green  Streptococcus genus “Str”
Cy3 550 564 543 Green 8. pneuwmonine “Spn”
Cy3 550 564 543 Green  Bacillus cereus
Cy3 550 564 543 Green  Staphylococcus genus “Sta”
Cy5 649 666 633 Red S. awnrens “Sau”
Cy5 649 666 633 Red Psendomonas spp.
FAM-5 (pH 9) 492 518 488 Green  Pseudomonas aeruginosn
Cy3 550 564 543 Green  Propionibacterium acnes
Cy5 649 666 633 Red Enterococcus faecalis
Cy3 550 564 543 Green  Treponema denticoln
Cy3 550 564 543 Green  Nonsense probe (control) “NonEub”

3See table 2 for the probe sequence. We have probes conjugated to different colors allowing us to select an appropriate
fluorescence with respect to other fluorophores being utilized to stain the same specimen

7. It is recommended that small aliquots (50 pl) of probe work-
ing solution be prepared. (Hybridization signals became dim
and the background high when using a repeatedly thawed and
frozen probe.)
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8. The temperature is critical and must be accurate and steady.
It is recommended that the temperature be checked periodi-
cally in both the hybridization oven and the water bath with a
second mercury thermometer.

9. Transfer the samples rapidly from the hybridization oven to
the washing buffer to prevent cooling that can lead to nonspe-
cific probe binding.
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Chapter 9

Animal Models to Evaluate Bacterial Biofilm Development

Kim Thomsen, Hannah Trastrup, and Claus Moser

Abstract

Medical biofilms have attracted substantial attention especially in the past decade. Animal models are
contributing significantly to understand the pathogenesis of medical biofilms. In addition, animal models
are an essential tool in testing the hypothesis generated from clinical observations in patients and preclini-
cal testing of agents showing in vitro antibiofilm effect. Here, we describe three animal models — two
non-foreign body Psendomonas aeruginosa biofilm models and a foreign body Staphylococcus aurens model.

Key words Chronic lung infection, Chronic wound infection, Pseudomonas aeruginosa, Staphylococcus
anreus, Animal models

1 Introduction

Biofilm infections have been shown or suggested to be present as
chronic lung infections in cystic fibrosis, orthopedic alloplastic-
related infections, vascular catheter-related infections, chronic
infections in non-healing wounds, urinary tract catheter-related
infections, endocarditis, etc. [1, 2]. Human biofilm infections are
challenging due to difficulties in diagnosing (antibiotic treatments
prior to sampling, adherent bacteria, dormant stages/persisters)
and treating (antibiotic binding in biofilms, increased beta-
lactamase production, upregulation of efflux pumps, inactive bac-
terial stages, different physiologic regions in the biofilms, increased
MICs, increased mutation rates and hypermutators) making the
biofilms recalcitrant to complete elimination by antibiotic treat-
ments [1, 3]. In conjunction to the resilience to the host responses
and the frequent consequent collateral tissue damages, biofilm
infections demand further understanding and new additional treat-
ment options [1]. Representative animal models are indispensible
in this context. Establishing a representative model requires thor-
oughly clinical insight to avoid misinterpretations and to enable the
model to answer the relevant questions. As an example cystic fibro-
sis is a complex multiorgan disease with pancreatic insufficiency,

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
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diabetes mellitus, hepatic insufficiency, malabsorption, and male
infertility besides the chronic lung infections. Obviously it is almost
impossible to encompass all these parameters in a single model.
Therefore, establishing an animal model should be designed to
comprise the evaluation of all relevant parameters.

Endpoints can be chosen as clinical relevant in vivo measure-
ments (weight loss, temperature, wound size, lung function test-
ing, various illumination techniques (CT or MR scan or systems
like the IVIS spectrum)). Mortality is not allowed as an intended
endpoint in the majority of animal studies, and so-called human
endpoints for euthanasia strategy to avoid unnecessary suffering of
the animals are mandatory. The human endpoints can additionally
serve as a clinical score system of the mice, thus providing alterna-
tive experimental endpoints. Typical endpoints of biofilm infection
models after killing of an animal are quantitative bacteriology, in
situ hybridization techniques to demonstrate the biofilms in rele-
vant material, macroscopic and microscopic pathologies, inflamma-
tory markers and measurements on adaptive immune responses.

Animal models increasingly involve larger animals, which pos-
sibly reflect the human physiology, and scientists are obliged to use
the best suitable animal species. However, rodents especially mice
are still the most used species in infection models especially due to
abundant tools available for clinical relevant measurements and of
course the relative low cost in purchasing and handling these ani-
mals. When establishing a mouse model, it is important to be aware
that different inbred mouse strains may have significantly different
courses of the same infection and immunologic responses to the
same infectious challenge [4—6]. In the same line is the choice of
infectious agent. Obviously it should be an agent relevant for the
biofilm infection investigated (e.g., P. aeruginosa in chronic lung
infection or wound infection models and S. aurens in orthopedic
alloplastic-related infection models) and the model should be
reproducible. Additionally, the imperative identification of biofilm-
like structures in the animal tissue or on removed foreign body and
recognition of the biofilm-like nature of the infection (chronic,
relative resistant to the host response and antibiotic treatment) are
specific mandatory characteristics for biofilm animal models.
Finally, the choice of bacterial strain is a decisive point in establish-
ing an animal infection model. Often the dilemma is the choice
between a characterized often used strain for in vitro experiment
and a selection of possibly more medical relevant clinical strains for
the infection model being investigated—this is a crucial question
with no clear answer. In many situations, however, a thorough
characterization of a suitable clinical isolate is unachievable.

For the majority of biofilm infections, the patients have either
a disease disposing for biofilm infections (e.g., genetic defect in
cystic fibrosis or a physical condition resulting in the structural
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damage of the skin enabling for formation of the biofilm infection)
or an implanted foreign body serving as adhesion material for the
biofilm infection. Therefore, many animal models involve either a
structural damage like creating a wound in the skin of the animal
for chronic wound models or implantation of a foreign body like in
orthopedic alloplastic models [7, 8]. Animal host response may
challenge the establishment of infection when using planktonic
bacteria as initial inoculum. The imitation of chronic lung infec-
tions in CF with inoculation of planktonic PA through the nasal or
intratracheal route in rodents commonly results in a transient pul-
monary colonization which is promptly cleared by host response.
Thus, the manipulation may also be on the bacterial side by stress-
ing the bacteria in minimal growth conditions to improve adhesion
or embedding bacteria in a polysaccharide suspension to mimic
bacterial growth in an extracellular matrix [9-11].

Although not comprehensive, the three animal models of bio-
film infections in this chapter present different issues of biofilm
infection models, including bacterial embedment, structural dam-
age, or foreign body implantation, all disposing for biofilm forma-
tion. For further inspiration we would like to refer to a recent
thorough and extensive review on biofilm models by Lebeaux and
colleagues [2]. The three present animal models or modifications
of what is presented here are meant as a guide on “how to do it”
and have been useful in adding understanding to various topics
within biofilm infections like impact of host responses, bacterial
virulence, quorum sensing system, vaccinations, treatments (anti-
biotic and non-antibiotics), and immune modulations.

2 Materials

2.1 Chronic Lung
Infection Model

2.1.1 Bead Preparation

2.1.2 Infection Procedure

1. Encapsulation Unit Nisco Var J30 (Nisco Engineering AG,
Zurich, Switzerland) (see Note 1).

2. Syringe pump (Graseby 3100, Watford, UK).
3. P aeruginosa strain PAO579 (see Note 2).

4. Protanal LF 10/60 dissolved in 0.9 % NaCl to an alginate
concentration of 1 % and sterile filtered.

5. Gelling bath (0.1 M, pH 7.0 Tris-HCI buftfer containing
0.1 M CaCl,).

6. Magnetic stirrer (Fig. 1).

BALB /c female mice 11 weeks old.

Barrier facilities.

A 1:1 mixture of etomidate and midazolam.
Bead-tipped needle (20 G).

L s
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2.2 Evaluation

2.3 Chronic Wound
Infection Model

2.3.1 BurnWound [12]

2.3.2 Bead Preparation

2.3.3 Evaluation

Fig. 1 Setup for making bacterial beads

o

ANl A

Pentobarbiturate with lidocaine.
Homogenizer.

Sterile PBS.

4 % W /V formaldehyde solution.
Agar plates.

Female 12 week old C3H/HeN or BALB /¢ mice.

. 1:1 mixture of etomidate and midazolam.

. An electrical clipper to shave the hair on the back of each

mousc.

4. Asledge.

921

O *® N

1.
2.
3.

Fire blanket with a window (1.7x2.6 cm) corresponding to
6 % of the total body area.

A metal plate with a window (1.7x2.6 cm).
Hot air blower.
Buprenorphine.

Electrical heating carpets.

Wild-type P. aernginosa PAOL.

Pentobarbiturate with lidocaine.
Homogenizer.
Sterile PBS.



2.4 Chronic
Osteomyelitis Model
in Mice [13, 14]

2.4.1 Mice

2.4.2 Infection Procedure

2.4.3 Evaluation
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4. 4% W /V formaldehyde solution.

10.
. Sterile sutures (4-0 coated vicryl).
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

0 XN Ww

N Gt

Agar plates.

. Inbred C57BL/6 mice (6-8 weeks old) from Jackson

Laboratories (Bar Harbor, ME).

Bacterial strains: different S. aureus strains including M2 [15]
and USA300 LAC strain.

Scalpel.

Scalpel holder.
Forceps.

Needle driver.
Steel wire snips.
Scissors.

Stainless steel pins.

0.25 mm insect pins.

Scale for measuring of weight.
Anesthetic—Ketaset and Xylazine.
Syringes (1 ml).

Needles for anesthesia.

70 % alcohol.

Betadine iodine.

Alcohol swabs for superior cleansing action.
Sterile gauze sponges (4 x4 cm).
500 ml beaker.

Disposable gown without latex.
Respirators.

Latex gloves.

Isothermal pad (heat block).

Eye moisturizer.

Shaver.

Polytron PT 1200 handheld homogenizer.
50 ml centrifuge tubes.

70 % ethanol.

Sterile PBS.

Blood agar plates.

Sterile pipette tips.

Tubes for serial dilutions and plating.
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3 Methods

3.1 Chronic Lung
Infection Model

3.1.1 Bead Preparation

. Bacterial isolate propagated from a freeze culture for 18 h and

grown 18 h at 37 °C in Ox broth.

The overnight culture is centrifuged at 4 °C and 4,400 x g and
the pellet re-suspended in 5 ml serum-bouillon.

. The bacterial culture is diluted 1:20 in seaweed alginate

solution.

The solution is transferred to a 10 ml syringe and placed in the
syringe pump. The J30 uses a pressure chamber containing a
needle that controls the flow of alginate. The pressure cham-
ber is controlled by the pressure controlling unit. The pressure
set point is fixed with a potentiometer. The J30 Unit is
equipped with two connections one for the alginate and one
for the airflow that drives the alginate from the needle through
the exit orifice into the gelling bath (0.1 M, pH 7.0 Tris—HCI
buffer containing 0.1 M CaCl,). A magnetic stirrer is placed
underneath the gelling bath to prevent the beads from sticking
together during gelling. Distance between nozzle and gelling
bath of 11 cm and 280 rpm magnetic stirrer is kept constant.
Five mL of alginate beads is made. The beads are left for stabi-
lization at magnetic stirring in the gelling bath for 1 h.

. The beads are washed two times in 0.9 % NaCl containing

0.1 M CaCl,. After wash 20 ml 0.9 % NaCl containing CaCl,
is added. Serial dilutions of bead solution are made and cul-
tured on a modified Conradi-Drigalski medium, selective for
gram-negative rods. After overnight incubation at 37 °C, the
number of colony-forming units (CFU) is determined and
used for adjustment of challenge solution.

Mice are allowed to acclimatize for 1 week before use and
should have free access to chow and water and under observa-
tion of trained personnel.

Mice are anesthetized s.c. with 1:1 mixture of etomidate and
midazolam (10 ml/kg body weight) and tracheotomized with
a 23 G needle after incision with a scissor below the pharynx
region.

. 0.04 ml of seaweed alginate beads embedded with P. aerugi-

nosa PAOS579 is installed in the left lung of BALB/c mice
using a bead-tipped needle (20 G).

. Mice are sacrificed using an overdose of pentobarbiturate.
10.

Half the number of lungs are collected aseptically and trans-
ferred to 5 ml of sterile PBS and kept on ice until homogeniza-
tion for quantitative bacteriology. Homoginates are serially
diluted and 100 pl are plated on agar plates (Conradi-Drigalski
medium). The number of CFU determined after overnight



Animal Biofilm Models 133

Fig. 2 Macroscopic and microscopic appearances of chronic P aeruginosa lung infection in mice

3.2 Chronic Wound
Infection Model

11.

12.

1.

incubation is presented as log CFU per lung by multiplication
with dilution factor.

Affected lung parts from the remaining number of mice are
fixed in a 4 % W /V formaldehyde solution. For evaluation see
Note 3 (Fig. 2).

The lung homogenates are centrifuged at 4,400 x 4 for 10 min
and the supernatants isolated and kept at =70 °C until cyto-
kine analysis.

The animals are anesthetized subcutancously (sc) with a
0.25 ml 1:1 mixture of etomidate and midazolam (10 ml/kg
body weight). BALB/c mice are relatively susceptible in this
model compared to the more resistant C3H/HeN mouse
strain [11].

The mice are placed on a sledge and covered with a fire blan-
ket with a window (1.7 x2.6 cm) corresponding to 6 % of the
total body area (see Note 4).

. Above the fire blanket a metal plate with a window

(1.7%2.6 cm) is placed.

. The sledge with the mouse, the fire blanket, and the metal

plate are moved into a stream of hot air with a temperature of
330 °C delivered by a hot air blower for 5 s. This procedure
results in a third-degree burn confirmed by histological
examination.
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Fig. 3 Burn wound infliction. The structural damage enabling establishing a biofilm infection

5.

6.

10.

11.

Immediately after the procedure, the mice are given 0.5 ml
isotonic saline s.c.

Buprenorphine is given every 8 h as pain relief therapy during
the first 48 h after the burn procedure.

. During the first 24 h of recovery, the mice are kept at electrical

heating carpets to prevent cooling of the mice.

. Mice are injected s.c. with 100 pl challenge solution (107 CFU /

ml) or PAO1-free alginate beads beneath the burn wound 2—4
days after infliction of thermal lesion (Fig. 3).

Mice are sacrificed by intraperitoneal injection of a pentobar-
biturate overdose.

Quantitative bacteriology: Swabs from beneath the eschars, in
both uninfected and infected groups of mice, are carried out
immediately after sacrificing the mice and are plated onto mod-
ified Conradi-Drigalski medium, selective for Gram-negative
rods. Growth of bacteria is noted and presented as +/-pres-
ence of P. aeruginosa. Additionally, wounds are placed in 4 ml
sterile isotonic saline and kept on ice until they are homoge-
nized at 14,000 x g for 45 s. Serial dilutions of wound homog-
enates are prepared in saline, and aliquots of 0.1 ml are spread
onto modified Conradi-Drigalski medium. Homogenates are
centrifuged at 5,000 x4 for 15 min, and the supernatants are
isolated and kept at -80 °C until cytokine analysis. Counting of
the number of CFUs is carried out the following day, and the
actual number of CFU in the samples is calculated by multipli-
cation with the dilution factor.

Histopathology: Wound tissue is carefully removed in toto by
scalpel and fixed in formaldehyde; histological slides are
prepared by H&E staining. The degree and type of
inflammation are estimated as described previously [12] by a
trained pathologist and are scored by index as no inflammation
(-) to severe inflammation (+++) and acute (dominated by
polymorphonuclear neutrophils, PMN), chronic (dominated
by mononuclear cells, MN), or neither type dominating
(PMN/MN), respectively (Fig. 4).
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R 77 S 7 A
Alginate—PAO1 0/6 0/6 0/5
Alginate + PAO1 6/6 5/5 6/6

b- c!
d- e-

Fig. 4 Pseudomonas aeruginosa biofilm-like structures in chronic wounds

3.3 Chronic Pathogenic challenge will be initiated via a contaminated 0.25 mm
Osteomyelitis Model diameter stainless steel insect pin that will be generated as follows:
3.3.1 Infection 1. The pins will be autoclaved and stored in 70 % ethanol. Pins
Preparation are then dried.

2. For infections where an early biofilm is first grown on the pins
prior to implantation, the dried pins are incubated in a 1:100
dilution of overnight TSB culture of S. aureus in fresh Luria
broth for 2-24 h at 37 °C. The inoculating dose of bacteria
has been determined to be 1x10° CFU of S. aureus per pin.
The pins will be air dried for 5 min before trans-tibial surgical
implantation. This procedure is often required to ensure infec-
tion with strains other than S. aureus, including Streptococcus
pyogenes, Staphylococcus epidermidis, Acinetobacter banmanni,
Klebsielln pnenwmonine, and Pseudomonas aeruginosu.

3. The second pathogenic challenge mechanism mimics clinical
cases of intra/perioperative contamination. In this procedure, a
sterile stainless steel insect pin (sterilized as previously indicated)
will be used for the trans-tibial implantation first followed by a
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3.3.2 Infection Procedure

1.

S. aurens inoculum that is equivalent to 10 x 10> CFUs that is
directly applied to the pin as a 1 pl microbial suspension dose in
PBS post-implantation. This second challenge mechanism is a
better representation of bacterial colonization and infection
progression in surgical patients that develop chronic biofilm-
mediated infections but is often not a high enough inoculum
for other species of bacteria.

The surgeon will prepare for surgery by thoroughly washing
hands with an aseptic surgical scrub as well as wearing indi-
vidually packaged sterile surgical gloves, the appropriate hair
protection, and mask.

Mice will be weighed prior to initiating surgical procedures.
Mice will be anesthetized by intraperitoneal injection of
80-100 mg/kg ketamine (Ketaset®) and 8-10 mg/kg xyla-
zine using a 25-27 gauge needle. After anesthetization has
been verified by the lack of response to toe pinch or stimula-
tion of vibrissae (whiskers), mice will be shaved in the area to
be operated on (lower left leg) using battery-operated clip-
pers. The area will be surgically prepared using three alternat-
ing scrubs of Betadine and 70 % alcohol.

For trans-tibial implantation, a small 0.5 cm incision is made
with a sterile scalpel in the left lower leg (medial tibia) of each
mouse, about 5 mm above the ankle and just below (1-2 mm)
the knee.

For infection with an early biofilm-coated pin, one bacterial-
coated pin following incubation in bacterial culture for 2-24 h
or sterile pin controls will be placed transcortically through
the left tibia via medial to lateral implantation. The pin will be
bent at both ends for stability and cut adjacent to the skin on
both ends, which will allow it to be covered by the skin and
eliminate the risk of additional environmental exposure. The
ends of the pin will be cut as blunt as possible, to allow for easy
placement of skin and muscle back over the ends on the
implanted pin and minimal risk of environmental exposure
after surgery.

. For infections mimicking intra/perioperative infection, the

sterile pins will be implanted, bent, and cut followed by a 1 pl
dose applied directly to the pin post-implantation.

Surgical incisions will be closed using sterile, size 3-0 to 5-0
monofilament sutures.

. During the procedure mice will be kept warm via the use of a

heat lamp. A thermometer will be placed at the level of the
mouse to ensure that the temperature stays between 80 and
85 °F. The lamp position will be adjusted accordingly to main-
tain proper temperature.
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. Postoperative monitoring (particularly the respiratory rate)

will take place every 2-5 min during the procedure, then
every 10-15 min during recovery (until righting response
has returned). During recovery from anesthesia, mice will
be warmed with supplemental heat from an incandescent
heat lamp. Mice will also be treated with buprenorphine
(0.05-0.1 mg/kg subcutaneously twice daily, using a 25-27
gauge needle) for 48 h to treat postoperative pain, with the
first dose being given at the time of ketamine /xylazine admini-
stration to ensure that analgesia is in place at the onset of sur-
gical stimulation.

. Animals will be anesthetized and euthanized by exsanguina-

tion. Mice will be anesthetized by an intraperitoneal injection
of 100 mg/kg ketamine and 10 mg/kg xylazine.
Exsanguination will be performed via cardiac puncture, utiliz-
ing a 1.0 ml syringe and 27-gauge needle. Cervical dislocation
will be performed after exsanguinations in order to confirm
that the mice are deceased.

. Following euthanization, we will harvest and process the

spleens, draining lymph nodes, and tibias/pin implants. All
soft tissue is removed from the tibia and the bone is weighed.
PBS is added to the bone in a 3:1 ration (ml PBS: g bone)
with protease inhibitor cocktail as described in Materials for
cytokine analysis.

. In order to get representative colony-forming unit counts

from biofilms, it is important to break up the biofilm con-
glomerates by homogenization [16, 17]. Using a Kinematica
Polytron P1200E handheld homogenizer at maximum speed
(30,000 % y), first, disinfect with 70 % ethanol and then wash
twice in sterile PBS, followed by homogenization for 1 min on
ice. Immediately serially dilute and plate for CFU determina-
tion and store on ice. Once serial dilutions have been accom-
plished, spin down bone fragments and slurry and harvest
supernatant if cytokine levels are to be determined.

4 Notes

. The alginate enters through a central needle. The exit nozzle,

which is centrally in line with the axis of the needle, has been
countersunk externally. The countersunk leads to the aerody-
namical effect so that the jet has a smaller diameter when pass-
ing the nozzle than before at the needle. The needle is enclosed
in a pressure chamber with an exit through the orifice. The
size of the drop is determined by the nozzle size, the product
flow rate, and the pressure inside the chamber. The product
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flow rate is controlled by a syringe pump to be connected to
the product nozzle. The pressure chamber is controlled by the
pressure controlling unit. The pressure set point is fixed with
a potentiometer. For the small beads we use the 0.250 mm
nozzle, an alginate flow rate 20 ml/h, and the airflow
105 mBar. For the large beads the 0.500 mm nozzle, alginate
flow rate 60 mL/h, and airflow 35 mBar are used. Diameters
for large beads are 136 pm (range 74-205 pm) and 40 pm
(range 15-85 pm) for small beads.

. P aeruginosa PAO 579 (IATS O:2/5) was kindly provided by

J. R. W. Gowan, Department of Bacteriology, Medical School,
University of Edinburgh, UK. In other experiments clinical
isolates have been used [18, 19].

. The fixed lungs are embedded in paraffin wax and cut into

5 pm thick sections, followed by hematoxylin and eosin stain-
ing. The entire lung slides and is scanned at a low magnitude,
and, from an average evaluation of a minimum of five repre-
sentative areas at higher magnitude (400x or 1,000x), the
type and degree of lung inflammation is estimated. The type
of inflammation is categorized as acute type (>90 % PMNs),
chronic type (>90 % mononuclear cells (MNs)), both types
present, neither dominating (PMN/MN) or no inflammation
(NI). The degree of inflammation is scored on a scale from
0 to 3 +, where 0 means no inflammation, + means mild
focal inflammation, ++ mean moderate to severe focal
inflammation, and +++ means severe inflammation to necro-
sis, or severe inflammation throughout the lung. Finally,
the localization of the inflammation in the airway lumen or
parenchyma is noted.

To confirm the nature of the biofilm-like structures in the
airways and infected tibias, deparaffinized tissue sections are
analyzed by fluorescence in situ hybridization (FISH) using
peptide nucleic acid (PNA) probes. A mixture of Texas
Red-labeled, P. aeruginosa-specific PNA probe and fluorescein
isothiocyanate (FITC)-labeled, universal bacterium PNA probe
in hybridization solution is added to each section and hybrid-
ized in a PNA FISH Workstation at 55 °C for 90 min covered
by a lid. The slides are washed for 30 min at 55 °C in wash solu-
tion. VECTASHIELD mounting media with 4',6-diamidino-
2-phenylindole (DAPI) is applied, and a cover slip is added to
cach slide. Slides are read using a fluorescence microscope
equipped with a FITC, a Texas Red, and a DAPI filter.

The burn surface is calculated by using the Meeh formula:
A=KW*? where A=body surface area, K=9, and W=weight
in grams.
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Chapter 10

Animal Models to Investigate Fungal Biofilm Formation

Jyotsna Chandra, Eric Pearlman, and Mahmoud A. Ghannoum

Abstract

Microbial biofilms play an essential role in several infectious diseases and are defined as extensive communi-
ties of sessile organisms irreversibly associated with a surface, encased within a polysaccharide-rich extracel-
lular matrix (ECM), and exhibiting enhanced resistance to antimicrobial drugs. Forming a biofilm provides
the microbes protection from environmental stresses due to contaminants, nutritional depletion, or imbal-
ances, but is dangerous to human health due to their inherent robustness and elevated resistance.

The use of indwelling medical devices (e.g., central venous catheters, CVCs) in current therapeutic
practice is associated with 80-90 % of hospital-acquired bloodstream and deep tissue infections. Most cases
of catheter-related bloodstream infections (CRBSIs) involve colonization of microorganisms on catheter
surfaces where they form a biofilm. Additionally, Fusarium solani and F. oxysporum were the causative organ-
isms of the 2005 /2006 outbreak of contact lens-associated fungal keratitis in the United States, Europe, the
UK, and Singapore, and these infections involved formation of biofilms on contact lens. Fungal biofilm
formation is studied using a number of techniques, involving the use of a wide variety of substrates and
growth conditions. In vitro techniques involving the use of confocal scanning laser/scanning electron
microscopy, metabolic activity assay, dry weight measurements, and antifungal susceptibility assays are
increasingly used by investigators to quantify and evaluate biofilm morphology. However, there are not
many in vivo models used to validate biofilm-associated infections. In this protocol, we describe a clinically
relevant rabbit model of C. albicans biofilm-associated catheter infection to evaluate the morphology,
topography, and architecture of fungal biofilms. We also describe a murine model of contact lens-associated
Fusarinm keratitis.

Evaluation of the formation of fungal biofilms on catheters in vivo, their analysis using scanning elec-
tron microscopy (SEM) and quantitative catheter culture (QCC), and treatment of biofilms using antimi-
crobial lock therapy can be completed in ~20-25 days using the described methods. The rabbit model has
utility in evaluating the efficacy of lock solutions. In addition, the murine model of contact lens-associated
Fusarium keratitis enables characterizing,/comparing the formation of Fusarium biofilms on contact lenses
in vitro and determining their role in vivo.

Key words Animal model, Intravascular devices, Catheters, Biofilms, Fungus
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1

Introduction

Most of the nosocomial infections are device-related, particularly
central venous catheter (CVC)-related, with up to 25-30 % result-
ing in infection-related mortality. Candida species are the fourth
most common cause of these nosocomial bloodstream infections
[1]. Most cases of catheter-related bloodstream infections (CRBSIs)
involve the colonization of microorganisms on catheter surfaces
where they eventually become embedded in a biofilm [2-5].
Additionally, Fusarium solani and F. oxysporum were the causative
organisms of 2005,/2006 outbreak of contact lens-associated fun-
gal keratitis in the United States, Europe, the UK, and Singapore
and involved biofilm formation on contact lens [11, 18 and 19].
Other organisms most commonly associated with CVC biofilms
are Staphylococcus aureuns, coagulase-negative staphylococci, aero-
bic gram-negative bacilli, and C. albicans [6]. Treatment guide-
lines for infections related to intravascular catheters suggest removal
of the affected devices [6, 7]. However, removal of CVCs is not
always easy or feasible (e.g., for patients with coagulopathy or lim-
ited vascular access) and is associated with healthcare expenses and
complications due to catheter removal. Therefore, biofilm-
associated CRBSIs represent an important problem, underscoring
the need to find novel clinically relevant ways to prevent and treat
such infections.

In vitro fungal biofilm formation is studied using a number of
techniques, which may help in our understanding of their biology
as well as identify potential antibiofilm agents. However, the clini-
cal relevance of biofilms formed on catheters has not been exten-
sively studied in vivo. Our CVC-associated C. albicans rabbit
model was the first clinically relevant animal model that evaluated
the effectiveness of an antifungal agent (liposomal amphotericin B
[lipoAmB]) as a lock therapy [8, 10] for the treatment of biofilms
formed intraluminally on catheters. In this study, we used quantita-
tive catheter culture (QCC) and scanning electron microscopy
(SEM) to study the antibiofilm effect of antifungals. QCC results
showed zero colony-forming units (CFUs) for the catheters treated
with liposomal amphotericin B compared to untreated controls
and fluconazole-treated groups. SEM revealed abundant biofilm in
the control and fluconazole groups, while inserted catheters from
the liposomal amphotericin B treated group were cleared [8, 10].
Quantification of'in vivo catheter biofilms is commonly performed
using QCC method. In our studies, we optimized and used the
QCC assay to quantify biofilms formed on catheters in vivo, as
described below.

In this protocol, we describe our rabbit model and provide
detailed step-by-step procedure for in vivo catheter placement, inoc-
ulation of catheter to form biofilm, catheter removal, quantitative
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catheter culture of biofilms formed, and SEM of catheter segments
to evaluate biofilm surface topography [8, 10]. In addition, we pro-
vide a description of how this model can be used to evaluate the
efficacy of antifungal lock therapy. Evaluation of the formation of
fungal biofilms on catheters in vivo, their analysis using SEM and
QCC, and treatment of biofilms using antimicrobial lock therapy
can be completed using the described methods in ~20-25 days.

In addition, we describe a murine model of contact lens-
associated Fusarium keratitis, which characterizes biofilm forma-
tion on contact lenses in vitro and examines the effect of biofilm on
contact lens-associated Fusarium keratitis in vivo [11]. The meth-
ods described here are adapted from protocols described by
Schinabeck et al. [8], Chandra et al. [10], and Sun et al. [11] and
can be completed in a typical laboratory setting.

2 Materials

2.1 Reagents
for Rabbit Model
(Adapted from [8, 10])

2.1.1 General Reagents

2.1.2 Reagents

for Catheter Placement,
Inoculation, and Removal
in Rabbits

1. Phosphate-buffered saline 1x without calcium and magnesium.

2. Milli-Q water. If not available, deionized or double-distilled
water can also be used.

Female New Zealand White rabbits weighing 2.5-3.0 kg.
Candida albicans MO61.

Ketaset (Ketamine HCI Injection 100 mg/mL).

AnaSed Injection® (xylazine 100 mg/mL).

1-mL syringe with 27%2-gauge needle.

3-mL syringe.

22-gauge 1-in. needles.

22-gauge 1%-in. needles.

W XN e

25-gauge 5/8-in. needles.
70 % ethyl alcohol.

. Silastic tubing (0.04-in. internal diameter and 0.085-in.
external diameter).

12. Polyethylene cuff.
13. 0.9 % Sodium Chloride Injection.
14. Heparin.

15. Heparinized saline: 1 mL of heparin; 1,000 U/mL is drawn
up and injected into a vial containing 9 mL of 0.9 % Sodium
Chloride Inj.

16. Betadine scrub.

e —
—_— O

17. Betadine solution.
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2.1.3 Reagents
for Rabbit Euthanasia

2.1.4  Quantitative
Catheter Culture Reagents

2.1.5 Scanning Electron
Microscopy Reagents

2.1.6 Antifungal Lock
Experiment and Catheter
Treatment Reagents

2.2 Equipment

1.

ARl A

—

Euthasol.

Sabouraud dextrose.

Sabouraud dextrose agar (SDA) (see Note 1).
Sterile Petri dishes.

0.125 g/L chloramphenicol.

0.03 g/L gentamicin sulfate salt.

8 % glutaraldehyde solution. Mix 10 mL of 8 % glutaraldehyde
with 10 mL of sterile Milli-Q water (se¢ Note 2).

. Sodium cacodylate (0.2 M). Dissolve 21.4 g sodium cacodyl-

ate in 500 mL Milli-Q water. Adjust pH to 7.4 with HCI
(6 N) and autoclave the solution for 15 min. Sodium cacodyl-
ate wash buffer (0.1 M) (see Note 2).

. 1 % (aqueous) uranyl acetate. Dissolve 1 g in 100 mL Milli-Q

water and filter through filter-sterilizing assembly using 0.22-
pm filter in dark (see Note 3).

1 % (aqueous) tannic acid. Dissolve 1 g tannic acid in 100 mL
Milli-Q water and filter-sterilize using a filtration assembly fit-
ted with a 0.22-pm-diameter (pore size) filter (see Note 4).

. Osmium tetroxide 4 % aqueous solution (OsQOy). 1 % OsO,

solution in 0.1 M sodium cacodylate. Mix 10 mL of 4 % OsOy
with 10 mL of sterile Milli-Q water and 10 mL of 0.2 M
sodium cacodylate. Final working solution is 1 % OsO, in
0.1 M sodium cacodylate (see Note 2).

. Ethyl alcohol 200 proof, absolute. Ethanol working solutions.

Prepare 25 %, 50 %, 75 %, 95 %, and 100 % ethanol in auto-
claved Milli-Q water by making up 25 mL, 50 mL, 75 mL,
and 95 mL ethanol to 100 mL, respectively; 100 % is used
pure with no water added (see Note 5).

. Liposomal amphotericin B. Reconstitute liposomal ampho-

tericin B in sterile water and dilute with 5 % sterile dextrose.

2. Fluconazole. Reconstitute and dilute with sterile water.

Lo

. Blood cultures from the catheter are sent to the Microbiology

Department and processed with the BacT/ALERT® 3D
Microbial Detection System to confirm the presence of yeast.

Ultrasonicator.
Autoclave.
Spectrophotometer.
Lazy-L Spreaders.

Cell scrapers.



2.3 Reagents

and Equipments

for Fusarium Keratitis
Murine Model
(Adapted from

[11, 16])

10.
. 50-mL polypropylene centrifuge tubes.
12.
13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

N gt

*

10.
11.
12.

0 %2 N
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Scalpels.

Tweezers.

Filter sterilization assembly.
Glass microanalysis filter holders.

Durapore 0.22-pm membrane filters.

BD Falcon tissue culture plates (12-well; 6.0 mL).
Fisherbrand* Petri Dishes with Clear Lids (100 mm x 15 mm).

Fisherbrand* Media-Miser* Dishes (60-mmx 15-mm small
Petri dishes).

Microcentrifuge tubes.

Rocker.

Incubator.

Scanning electron microscopy (SEM) specimen mount stubs.
Pelco tabs, SEM adhesive tape.

Glass slides.

Glass cover slips.

Parafilm.

Water purification apparatus.

Scanning electron microscope.

Sputter coating machine.

. Fusarium oxysporum FOCS3-a strain (MRL8996). Other iso-

lates can be used, but the commercially available strain from
CDC does not form biofilm [16, 17].

Lotrafilcon A contact lenses although Fusarium also form bio-
film on other lenses [17].

Tetrazolium XT'T for live organisms.
Concanavalin Alexa Fluor 488 conjugate.
C57BL/6 mice (6-8 weeks old).

Mixer Mill MM 300.

2,2 2-Tribromoethanol : 1 mL of tert-amyl alcohol added to
1 g of 2,2,2-tribromoethanol and then added 48 mL of 0.9 %
sodium chloride.

10 % buftered formalin phosphate.
Paraffin.

1 % periodic acid.

Schiff’s reagent.

Gill’s hematoxylin.
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13.
14.
15.

Sandwich ELISAs.
Microplate reader.

Algerbrush to abrade the corneal epithelium.

3 Methods

3.1 Rabbit Model

3.1.1 Preparation

of the Rabbit for Surgery
and Operative Procedures
for Catheter Insertion
(Timing: Day 8,

After Acclimatizing
Rabbits 0-7 Days)

Acclimatize rabbits for 7 days prior to surgery (see Note 6).

Anesthetize rabbits intramuscularly with ketamine 70 mg/kg
and xylazine 7 mg/kg (see Note 7).

. Shave the right cervical, shoulder, and scapular regions with

electric clippers.

Wash the shaved area with Betadine soap followed by isopro-
pyl alcohol and Betadine solution.

. Place the rabbit on the surgery table in dorsal recumbency,

with the scrubbed area covered in gauze.

Make a “pillow” of sterile gauze and place under the neck for
support.

7. Tape forearms and jaw loosely to the table.

10.

11.

12.

13.

14.

15.
16.

Cover the animal with sterile drape leaving only the incision
site open. Make 1-2-cm incision in the right anterolateral cer-
vical region exposing the external jugular vein.

Free a segment of the external jugular vein, just distal to the
bifurcation of the internal and external maxillary veins from
subcutaneous fat and place an 18" x 14" Penrose drain under
the vein (Fig. la).

Place two segments of 3-0 Vicryl suture proximally and dis-
tally to the Penrose drain.

Flush the catheter with sterile saline and clamp it with a
hemostat.

Using a #11 scalpel blade, make an incision in the isolated seg-
ment of vein which controls the bleeding with upward traction
of the Penrose drain (see Note 8).

Insert the catheter into the vein caudally 4 cm, up to the cuff
(Fig. 1b) placing the catheter tip in the right anterior vena
cava as demonstrated in the venogram in Fig. 1g (see Note 9).

Tie the proximal and distal ligatures and withdraw blood to
test catheter patency (Fig. 1¢) (see Note 10).

Flush the catheter with heparinized saline.

Create a subcutaneous tunnel by passing a hemostat cephalad
through a 1.0-cm incision in the intracapsular region to the
external jugular vein incision site.
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Fig. 1 Surgical placement of the intravenous catheter. (a—c) Catheter insertion into the external jugular vein,
(d—f) attachment of the heparin lock device to skin, and (g) postoperative venogram of catheter placement.

Adapted from [8]

3.1.2  Postsurgical
Procedures

3.1.3 Catheter
Inoculation (Timing: Day 8)

17.

18.

19.

Use the hemostat to pull the catheter through the subcutaneous
tunnel, cut the excess catheter, and place an 18-gauge Luer Stub
Adapter and sterile heparin lock device on the proximal end.

Test the catheter patency again by withdrawing blood and
flushing with heparinized saline.

Bury the Luer hub in the subcutaneous tract and use a purse-
string suture to attach the heparin lock device flush to the skin

(Fig. 1d-f).

. Dress the rabbit in an orthopedic stockinette sleeve with arm

holes cut.

. Wrap the rabbit loosely in blankets, place in a heated recovery

cage, and monitor every 30 min.

. When the rabbit is able to sit sternally, return it to its cage.

. Candidna albicansisolate M61, obtained from a central venous

catheter tip of patient with catheter-associated candidiasis, is
used for inoculating catheters. From the frozen stock, subcul-
ture C. albicans cells and place appropriate volume of Candida
cell suspension in saline to obtain a cell density of 107 cells in
300 pL inoculum. This is the primary inoculum used for inoc-
ulating catheters.

. Lock lumen of catheters with 300 pL of 1x107 CFU of C.

albicans and allow it to dwell for 24 h.
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3.1.4  Catheter Removal
(Timing: Day 18)

3.1.5 Quantitative
Catheter Culture
(Timing: Day 18-20)

3.1.6 Scanning
Electron Microscopy
(Adapted from [5])
(Timing: Day 20-25)

3.

4.

Remove the inoculum and flush the catheters daily with
300 pL of heparinized saline (100 U).

Obtain 5 mL blood sample on day 3 from the catheter and
submit for blood culture to confirm the presence of yeast.

. Anesthetize rabbits (as described above) after 11 days

postinfection.

Obtain blood cultures through the catheter and peripherally
via cardiac puncture.

. Euthanize the animals as described below under

Subheading 3.1.8.

Remove the catheter by using sterile technique and divide it
into proximal (subcutaneous tunnel) and distal (intravenous)
4-cm segments.

. Divide each segment in half (2 cm) for QCC and examination

of biofilms by SEM.

. Cut each 2-cm segment (proximal and distal) in half length-

wise and place in 10 mL sterile saline.

. Sonicate specimens at 40,000 Hz using ultrasonicator for

12 min at 4-min intervals and then vortex for 15 s.

. Serially dilute specimens with saline prior to plating 1 mL ali-

quots into SDA supplemented with chloramphenicol and gen-
tamicin. Do this step in triplicate plates.

4. Incubate the plates for 48 h at 37 °C.

Gl e

o

10.

. Count the colony-forming units (CFUs).

. Sample fixation. Add 2 mL of 2 % glutaraldehyde to wells of

12-well tissue culture plates containing the remaining 2-cm
catheter segments (proximal and distal) cut in half
lengthwise.

Cover plates with aluminum foil.
Incubate at 4 °C for 2 h (see Note 11).
Using a glass pipette, aspirate the glutaraldehyde solution.

Add 2 mL of 0.1 M sodium cacodylate buffer and let stand for
10 min. Remove the bufter by aspiration using a pipette.

Repeat above step twice (total three washes over 30 min).

Incubate washed catheter segments with 2 mL of 1 % OsOy
for 1 h at 4 °C (see Note 12).

. Repeat washing steps with sodium cacodylate buffer as

described above (for three total washes).

Add 2 mL of sterile Milli-Q water, let stand for 5 min, and
aspirate the liquid.

Repeat the above step.



3.1.7  Antifungal Lock
and Catheter Treatment
(Timing: Day 11-18)
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11. To the wells containing the catheter segments above, add
2 mL of 1 % tannic acid and incubate for 30 min in the dark at
room temperature.

12. Add 2 mL of sterile Milli-Q water, let stand for 10 min, and
aspirate the liquid.

13. Repeat the above wash step twice.

14. Add 2 mL of 1 % uranyl acetate and place the plate in the dark
for 1 h (see Note 13)

15. Add 2 mL of sterile Milli-Q water, let stand for 5 min, and
aspirate the liquid.

16. Repeat the above wash step once.

17. Dehydrate the sample by adding 25 %, 50 %, 75 %, and 95 %
ethanol for 15 min and 100 % ethanol for 15 min twice.
Ethanol must be removed step by step (see Note 14).

18. Place round black SEM adhesive tape on specimen mounting
stubs.

19. Use sterile tweezers to remove the substrate (catheter seg-
ments) containing dehydrated cells from 12-well plates
(from step above) and place on mounting stubs prepared
above (see Note 15).

20. Press gently to ensure that the biofilm-containing substrate is
firmly stuck to the adhesive tape.

21. Place the stub in stub holder and then transfer to a vacuum
desiccator (see Note 16).

22. Seal the desiccator under vacuum and store at room tempera-
ture for 24 h (see Note 17).

23. Sputter coat the stubs with Au/Pd (60,/40) for 30 s using the
sputter coating machine (se¢ Note 18).

24. Transfer the stub to the sample holding platform in the scan-
ning electron microscope (see Note 19).

25. Examine the biofilms under the electron microscope (Fig. 2)
following the unit-specific instructions (se¢ Note 20).

26. Scan through the specimen surface and select representative
areas to record.

27. Acquire images at different magnifications (se¢ Note 21).

In this protocol, lock antifungal solutions for 8 h per day for 7 days
were used. In other experiments, 4-h periods can also be used,
depending on the drug the time for lock treatment may vary.

1. Liposomal amphotericin B and fluconazole are used in this
protocol.

2. Flush catheter with 300 pL of heparinized saline (100 U) on a
daily basis for the first 3 days of the study.
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Fig. 2 Mature in vivo C. albicans biofilm formation during rabbit model develop-
ment. Scanning electron micrographs of C. albicans biofilms adherent to the
intraluminal surface of catheters showing no difference in biofilm architecture
at 7 days postinfection (magnification, 6,500x) (a) and 3 days postinfection
(magnification, 2,500x) (b) are shown. Adapted from [8]

3. On day 3 postinfection, draw 5 mL blood through each
catheter for culture.

4. To determine the efficacy of antifungal lock therapy, random-
ize the rabbits into three groups, each consisting of seven
animals.

5. Flush group I catheters daily with 300 pL of heparinized saline
(100 U).

6. Lock catheter lumens of animals in group II with 300 puL
solution containing (1) 3 mg of liposomal amphotericin B,
(2) 100 U of heparin, and (3) 5 % dextrose solution (since
dextrose solution is used for reconstituting lipoAmB, we use it
as a blank).
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Fig. 3 Effectiveness of antifungal lock therapy. Scanning electron micrographs of
intraluminal catheter surfaces following 7 days of therapy with heparinized saline
(magnification, 5,000x) (a), liposomal amphotericin B (magnification, 121x) (b),
and fluconazole (magnification, 3,500x) (c) are shown. Adapted from [8]

7.

10.

11.
12.

Lock catheter lumens of rabbits in group III with 300 pL
solution containing (1) 3 mg of fluconazole, (2) 100 U of
heparin, and (3) sterile normal saline (se¢ Note 22).

. Lock antifungal solutions for 8 h per day for 7 days (see Note 23).

Upon completion of each daily treatment, remove antifungal
lock solution and flush catheters with 300 pL of heparinized
saline.

After 7 days of antifungal lock therapy, anesthetize animals
and obtain blood through the catheter and via a cardiac
puncture.

Euthanize animals as described below.

Remove catheters under sterile conditions and perform QCC
and SEM (Fig. 3) as described above.
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3.1.8 Rabbit Euthanasia
(Timing: Day 18)

3.2 Murine
Fusarium Keratitis
Model (Adapted from

[11, 16])

3.2.1 Fusarium Culture
and Biofilm Formation

1.

Animals are given a standard dose of 3 mL Euthasol as
determined by the Animal Resource Center and IACUC regu-
lations (about 390 mg/kg).

. When drawing up the working solution of drug, the rim of the

plunger in the syringe should be even with the mark for the
appropriate amount.

. After drawing up the solution, affix the appropriate size needle

to the syringe.

4. Remove the rabbit from its housing and restrain.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Once the rabbit is comfortably restrained, give IM anesthesia

as described above.
Place rabbit back in its housing until fully anesthetized.

Place rabbit on right side lateral recuambency and wet target
area with alcohol.

Feel for strongest point of heartbeat with thumb.

Insert needle into the heart chamber, pulling back on the
syringe the whole time.

Once blood is observed, stop advancing needle and draw up
appropriate amount of blood if sample is required.

While leaving needle in place, direct ecuthanasia needle
alongside.

Pull back on plunger to check for blood to be sure needle is in
the heart.

Remove blood collection syringe and inject euthanasia solu-
tion (sec Note 24).

When dosing is complete, remove the needle and discard the
needle and syringe in a biohazard sharp container.

Confirm death by verifying absence of respiration, cardiac func-
tion, corneal reflex; muscle tone, and mucus membrane color.

When finished, place rabbit in double-bagged biohazard bags
and follow institutional disposal procedures (see Note 25).

If done in a biosafety cabinet, wipe thoroughly with Clidox-
soaked paper towels.

Wash hands after handling animals.

Following is the summary of methods for murine model of contact
lens-associated Fusarium keratitis.

1.

2.

Culture Fusarium at 37 °C in Sabouraud dextrose broth in a
shaking incubator.

For biofilm development, harvest conidia from a 40-h broth
culture by standard filtration methods, count, and standardize
to 1 x10° conidia in PBS.



3.2.2 Murine Model
of Fusarium Biofilm-
Induced Keratitis

3.2.3 Quantification
of Fungi in Infected Eyes
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. Incubate lotrafilcon A (or other) contact lenses with the above

standardized culture for 90 min at 37 °C (adherence phase) in
12-well plates.

. Wash the lenses gently in 4 mL PBS and then incubate in SDB

at 37 °C for 48 h on a rocking platform (biofilm growth phase).

. Anesthetize mice by intraperitoneal injection of 0.4 mL

2,2 .2-tribromoethanol.

. Subject the corneal epithelium to either three parallel scratches

or abrasion of a 1-mm-diameter area of the central corneal
epithelium, as described earlier [11] (see Note 26).

. Place a 2-mm-diameter punch from the contact lenses with

formed biofilm on the abraded corneal surface. Mice remain
anesthetized on a heating pad.

. After 2 h (when the mice recover from anesthesia), remove the

contact lenses.

. At each time point (24 and 48 h) thereafter, examine corneal

opacification using a dissecting microscope (Fig. 4).

. Euthanize the mice, remove, and homogenize the eyes either

to determine the number of CFUs or to process the eyes for
histology.

. Homogenize whole eyes under sterile conditions in 1 mL PBS

at 33 Hz for 4 min.

. Perform a series of log dilutions in replicate and plate onto

Sabouraud’s agar.

. Incubate the plates at 37 °C for 40 h; determine the number
of CFUs (in the lowest dilution) by direct counting. Note:
The lower limit of detection is ten organisms.

Fig. 4 Murine model of Fusarium biofilm keratitis. Fusarium conidia were incubated 90 min with lotrafilcon A
contact lenses, washed, and incubated an additional 48 h. (a) Fusarium hyphae associated with the contact
lens (DIC microscopy). (b) After incubation with FITC-ConA, showing hyphae and extracellular matrix. (c) Murine
model: 2-mm-diameter punch of a contact lens with attached Fusarium biofilm on the corneal surface of a
C57BL/6 mouse. Original magnification: (a, b) 400x and (¢) 20x. Adapted from [11]
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3.2.4 Histologic
Preparations

3.2.5 Detection
of Cytokines in the Cornea

C57BL/6

Bioﬁlml e

Cornea

Fig. 5 Histopathology of Fusarium keratitis. 24 h after adding the lens, mice are
euthanized, and eyes are processed for histology. Note the hyphae penetrating
through the cornea and into the anterior chamber (a/c) and the pronounced cel-
lular infiltrate in the cornea. Original magnification is 400x. Adapted from [11]

1. For histologic analysis (Fig. 5), fix the eyes in 10 % buffered
formalin phosphate and embed in paratfin.

2. Stain 5-pm sections by 1 % periodic acid solution for 30 min,
rinse with water, placed in Schiff’s reagent for 30 min, wash
well with tap water for 10 min, counterstain with hematoxylin,
and examine by light microscopy.

1. Excise mouse corneas using a 2-mm trephine and homogenize
corneal tissue using Mixer Mill MM 300 for 4 min at 30 cycles
per second.

2. After centrifugation, determine cytokine levels in soluble corneal
extracts by sandwich ELISA according to the manufacturer’s
directions and as described earlier [11]. Briefly, coat a 96-well
microplate with the diluted capture antibody for overnight at
room temperature; wash three times by 0.05 % Tween 20 in
PBS; block plate by 5 % BSA /PBS at room temperature for 2 h;
wash as same above; add samples or standard for 2 h at room
temperature; wash as same; add the diluted detection antibody
for 2 h at room temperature; wash as same; add the working
dilution (1:200) of streptavidin-HRP for 20 min; wash as same;
add substrate solution for 20 min. Add stop solution [11].

3. Measure the absorption at 450 nm on a microplate reader.

4 Notes

1. Avoid overheating SD agar plates during autoclaving, as over-
heating may cause charring of the medium. Pouring the lique-
fied agar into Petri dishes slowly will help avoid bubble
formation in plates.

2. Glutaraldehyde (irritant, allergen, carcinogen), sodium caco-
dylate, osmium tetroxide, and uranyl acetate are highly toxic.
Handle them with care.



10.
11.

12.
13.

14.

15.

16.

17.
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. Avoid light exposure and immediately transfer to 4 °C. Highly

toxic. This reagent is radioactive and should be stored covered
by lead sheathing. Lead and uranyl are toxic; avoid contact
with skin and eye.

Avoid light exposure and store at room temperature after
preparation. Toxic (irritant).

. Keep away from flame. The solutions should be stored in

tightly capped bottles to prevent evaporation.

Rabbits can be unpredictable as they are usually timid and are
casily upset. Rabbits can be lifted firmly by the scrutf with the
head pointing away from your body and the other hand used
to support the rabbit’s hind end. Rabbits can be cradled to
your body. If the rabbit struggles, place it on a solid surface and
calm it by shielding the rabbit’s eyes by tucking its head into
the crook of your arm; this should help keep the animal calm.
When finished with procedures, keep a firm grip on the scruff
and gently release the rabbit in to the correctly marked cage.

There can be anesthetic complications including decreased
respiration and heart rate which may lead to death. Proper
animal restraining techniques are important for proper dosing
and for minimizing the stress on the animal. Before attempting
injections, one should be competent in rabbit handling.

To avoid ripping the vein into two pieces, when incising the
vein, do not transect more than 1/3 of the way through. Care
should be taken to avoid surgical complications, i.¢., excessive
bleeding, tearing blood vessels, nerve damage, and death.

Caution should be taken when moving the rabbit to lateral
recumbency to avoid dislodging the catheter.

To avoid needlesticks, never recap needles.

These samples can be stored in 2 % glutaraldehyde overnight
if sealed (with parafilm) and kept at 4 °C in the dark.

Samples can be stored for 3—4 h.

Samples can be stored overnight at 4 °C, sealed (with parafilm)
and in the dark (cover with aluminum foil).

Samples can be stored for up to 4 weeks in 100 % ethanol at
4 °C, sealed with parafilm (to ensure the ethanol is not evapo-
rated). To protect from light, cover with aluminum foil.

Be careful to place the catheters on the stubs, making sure that
catheters with C. albicans biofilms remain exposed at the top.

Use appropriate tweezers to handle the stubs since they can
easily slip off'and fall.

Proper vacuum desiccation is critical to ensure complete evapora-
tion of ethanol and to prevent rehydration of the sample. Presence
of'even the smallest amount of water due to rehydration from the
atmosphere will cause interference with subsequent steps.
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18.

19.

20.

21.

22.

23.
24.

25.

26.

Care should be taken not to exceed the sputter coating step
for more than 30 s, since exceeding this time may impart
excess charge on the samples and result in burnt areas when
observed under the microscope.

Care should be taken while placing the stubs in the holding
platform to avoid dropping them.

We observe samples under ESEM (model XL3C Philips micro-
scope) using voltage of 15 kV and spot size of 4. These set-
tings may need to be optimized for different microscopes.

When recording images at high magnifications (e.g., 5,000x),
it is important to acquire them quickly since the intense elec-
tron source at these magnifications can result in overexposure
(“burning”) and poor-quality images.

The concentrations of drugs used in the study were guided by
dosages in prior case reports. It is necessary to check the dos-
age from published reports to minimize the number of ani-
mals used and to prevent harm by excessive dose concentrations.
The fluconazole used in this study required a 10-min
incubation in a hot water bath to dissolve completely.

In this protocol, lock antifungal solutions for 8 h per day
for 7 days were used. In other experiments, 4-h periods can
also be used, depending on the drug the time for lock treat-
ment may vary.

Lock treatment times may vary by drug.

Do not remove syringe until heart stops beating in case addi-
tional euthanasia solution is needed.

Ketamine and Euthasol are drugs under control of the Drug
Enforcement Agency (DEA), and all usage must be recorded
in a drug logbook. Controlled drugs must be stored in a
double-locked cabinet in a secure area. Be careful to avoid
accidental needlesticks; never recap needles.

Care should be taken while making scratches or abrasions to
avoid perforating the cornea.
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Chapter 11

Nonmammalian Model Systems to Investigate
Fungal Biofilms

Marios Arvanitis, Beth Burgwyn Fuchs, and Eleftherios Mylonakis

Abstract

Medical advances have resulted in an increase in the number of patients in immunocompromised states,
vulnerable to infection, or individuals fitted with medical devices that form niches for microbial infections.
These infections are difficult to treat and have significant morbidity and mortality rates. An important factor
in the pathogenesis of fungal diseases is the development of biofilm-forming communities, enabling the
invasion of host tissues and resistance to antimicrobial compounds. To investigate the genetic requirements
for filamentation and seek compounds that inhibit the process, invertebrate hosts are employed as models
of in vivo infection. The purpose of our review is to highlight methods that can be utilized to investigate
fungal filamentation, an important step in the development of biofilms, in the invertebrate hosts Gallerin
mellonelln, Caenorbabditis elegans, and Drosophila melanogaster.

Key words Biofilm, Caenorbabditis elegans, Drosophila melanggaster, Filamentation, Fungal infec-
tion, Galleria mellonelln

1 Introduction

Although microbial biofilms have been extensively studied, our
knowledge on fungal biofilms is still rudimentary [1, 2]. Fungal
biofilm formation has been described in Candida species as a
series of sequential steps for the sake of simplicity, although one
should be aware that all these steps may occur concurrently during
in vivo biofilm development [3]. First, fungal cells adhere to a
surface (adherence step). Attached cells aggregate and form fila-
ments (initiation step), followed by extracellular polymeric substance
(EPS) production and acquisition of polymicrobial resistance
(maturation step). Finally, fungal cells are released from the biofilm
into the surrounding area (dispersal step). Of note, with the excep-
tion of fungi such as Cryptococcus neoformans 4] and Pnenmocystis
species [ 5], most fungal biofilms studied to date share a common
characteristic, the requirement for filamentation for their
development [6].

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
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The cells within biofilms form a community. They develop ways
to communicate with each other, through a method called quo-
rum sensing [7], detecting nutrients and controlling population
size. As a biofilm, the cells generate physical barriers, thus mediat-
ing protection from the surrounding environment. Matrix forma-
tion promotes the physical exclusion of compounds. Those
compounds that are able to penetrate into the biofilm can be
ejected via efflux pumps. In the case of C. albicans biofilms, per-
sister cells evolve, forming a small population of the cells within the
biofilm that are dormant and tolerant to stress [8, 9]. The arsenal
of defenses makes biofilm infections notorious for antibiotic resis-
tance and thus difficult to treat [10].

It is now realized that biofilms play a role in the majority of
clinically documented infections [10]. Further, with the ever-
growing development of the field of transplant medicine and with
the increase in life expectancy of people in immunocompromised
states, such as those with AIDS, cancer patients, and transplant
recipients [ 11, 12], systemic fungal infections are becoming a com-
mon encounter in clinical practice [13, 14]. The fact that these
infections are difficult to treat and are usually accompanied by high
mortality rates [13, 15] of 35-65 % for systemic infections under-
scores the need for the better understanding of every aspect of
the pathophysiology of these diseases, including the function and
creation of fungal biofilms.

Mice are the most common experimental hosts used in the
study of fungal infections due to the striking similarity of their
immune system to that of humans. However, their use has impor-
tant limitations, such as lengthy reproduction time, housing
expenses, and ethical considerations. All the above observations
stress the need for the use of alternative hosts in experimental
mycology. The perfect host in that regard would be an easy to use
and to obtain host, genetically tractable and affected by fungi at
mammalian temperatures. Moreover, there should be no ethical
constraints associated with its use. Finally, the virulence traits nec-
essary for fungal infection in this host should reflect the ones
involved in the pathogenesis of human fungal infections. Of course,
the perfect host does not exist. However, many nonmammalian
model hosts, like the nematode Caenorbabditis elegans [16], the
fruit fly Drosophila melanogaster [17], the larvae of the greater wax
moth Galleria mellonella [17], and the plant Arabidopsis thaliana
[18], share enough of the above characteristics to make them
favorable screening models in experimental mycology and thus
have been used to date in several studies of fungal diseases.

The purpose of our review is to describe the ways in which these
nonmammalian models can be used to study fungal biofilms. It is
important to note, however, that although many researchers have
studied bacterial biofilms in invertebrates [ 19, 20], to our knowledge,
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no experiment to date has directly observed and studied fungal
biofilms in vivo in these hosts. Nevertheless, given the fact that, as
was already mentioned, filamentation plays a crucial role in most of
the fungal biofilms, we will endeavor to describe the materials and
methods used to study fungal filamentation in the hosts G. mellonelln
(21, 22], C. elegans [23-25], and D. melanogaster 26, 27].

2 Materials

2.1 Fungal
Filamentation
in Galleria mellonella

Nele BEN BN

10.

12.
13.
14.
15.
16.
17.
18.
19.

. G. mellonelln larvae at sixth instar state are obtained from the
supplier (we use Vanderhorst Wholesale, St. Mary’s, OH) and
stored at room temperature for up to 1 week.

. Fungal strains. The most commonly used strains in these
experiments are Candida spp.

. YPD broth (1 % yeast extract, 2 % dextrose, 2 % peptone):
To prepare 1 L solution, dissolve 10 g of yeast extractand 20 g
of peptone in 800 mL of ddH,O, autoclave, and add 200 mL
ot 10 % dextrose that has been filter sterilized.

. Phosphate-buffered saline (PBS): To prepare a 1 L sock solu-
tion of 10x PBS, dissolve 80 g NaCl, 2 g KCI, 144 g
Na,HPO,-2H,0, and 2.4 g KH,PO, in 800 mL of distilled
water. After complete mixing, bring the solution volume up to
1 L. Autoclave to sterilize. Use 1x PBS in your experiments by
diluting the stock solution tenfold and filter sterilizing.

. Insect physiologic saline (IPS): 150 mM NaCl, 5 mM KCl,
100 mM Tris—HCI, pH 6.9 with 10 mM EDTA, and 30 mM
CsH;NaO; (sodium citrate).

. Grace’s insect medium.

. 95 % ethanol.

. Petri dishes.

. Kimwipes.

Hamilton syringes (26 gauge, 10 pL capacity).
. 37 °C incubator.

Tissue processor.

Mesh biopsy collection bags (se¢ Note 1).
Glass chamber slides.

Periodic acid-Schiff (PAS) stain.

FITC (fluorescein isothiocyanate) stain.
Microscope (at least 60x magnification).
Confocal laser microscope.

Centrifuge.
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20.
21.
22.
2.2 Fungal 1.
Filamentation
in Caenorhabditis 2
elegans 3

Eppendorf tubes.
Plastic bins (see Note 2).
Scalpel.

C. elegans strains can be acquired from the Caenorbabditis
Genetics Center (CGC).

. Fungal strains.

. 5 mg/mL cholesterol dissolved in ethanol.

4. 1 M KHPOy bufter: For 1 L dissolve 108.3 g KH,PO, and

35.6 g KHPO, in 800 mL ddH,0, then adjust to pH 6.0 with
KOH. Bring the volume up to 1 L with ddH,O. Filter
sterilize.

. Nematode growth medium (NGM) agar: For 1 L medium,

dissolve 3 g NaCl, 2.5 g peptone, and 17 g agar in 972 mL
ddH,O. Autoclave and then add, under sterile conditions,
1 mL cholesterol 5 mg/mL stock solution, 1 mL 1 M CaCl,,
1 mL 1 M MgSO,, 25 mLL 1 M KPO, buffer, and 1 mL of
streptomycin 100 mg/mL stock (for a final concentration of
100 pg/mL) (see Note 3). Pour the medium onto plates and
store at 4 °C (see Note 4).

. E. coli OP50 strain.
. M9 solution: Add 3 g KH,POy,, 6 g Na,HPO,, and 5 g NaCl

in 1 L of water and autoclave. After cooling down add 1 mL
sterilized 1 M MgSO,.

. Bleach.

9. 5 M NaOH.

10.
11.
12.
13.

14.

15.

16.
17.
18.
19.

Microscope.
Rotisserie.
Table top centrifuge.

YPD broth plus antibiotics (kanamycin 45 pg/mL, streptomy-
cin 100 pg/mL, and ampicillin 100 pg/mL).

Brain-heart infusion (BHI) broth: Add 37 g BHI powder in
1 L ddH,0 and autoclave.

BHI agar plus antibiotics: Add 37 g BHI powder and 12.5 g
agar in 1 L distilled water and autoclave. After cooling add
1 mL kanamycin 45 mg/mL (for a final concentration of
45 pg/mkL).

Roller drum.
6-well plates.
3 % glutaraldehyde.

Millonig’s buffer: In 500 mL distilled water, add 1.8 g
NaH,PO,, 23.25 g Na,HPO,, and 5 g NaCl. Adjust pH to 7.3
and then add ddH,O to bring the volume up to 1 L.



Nonmammalian Model Systems to Investigate Fungal Biofilms 163

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

Ethanol.

100 % propylene oxide.

LX-112 resin.

BEEM capsules.

Leica Ultracut-R microtome.
Mesh copper grids (EMS).
Diamond knife.

2 % uranyl acetate.

Reynold’s lead citrate.

JEOL 1200 transmission electron microscope.
Gatan CCD camera.

15 °C incubator, 25 °C incubator.

2.3 Fungal 1. Fungal strains.
’_'- ilame"taﬁ_o” 2. Adult fly lines: TI%32 /TI"®*A Toll-deficient flies are used in the
in Drosophila experiment, because wild-type strains are resistant to fungal
melanogaster infections [28]. TI"®4 js a null allele and T1"3? is a temperature-
sensitive allele which is deactivated in 29 °C.
3. Fly food (see Note 5).
4. Fly-food vials.
5. Stereoscopic microscope equipped with a controllable CO,-
flow fly pad.
6. 29 °C incubator.
7. Tungsten stainless steel needle held in a pin vise.
8. Bunsen burner.
9. Sterile disposable petri dishes (100 x 15 mm).
10. 10 % vol /vol formaldehyde.
11. Ethanol.
12. Methyl benzoate.
13. Paraffin.
14. Microtome.
3 Methods
3.1 Observation 1. Preparation of the inoculum: Fungal strains are grown over-
of Filamentation night in the appropriate media and growth conditions. We
in Galleria mellonella hereby present the example of C. albicans since it is the fun-

gus most commonly used in such experiments. C. albicans
cells are grown overnight in YPD at 30 °C with agitation. The
fungal cells are collected with centrifugation and washed
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twice with PBS. Then, cells are counted with a hemocytometer
and used immediately at the appropriate concentration sus-
pended in PBS.

. G. mellonelln larvae are selected for uniformity in size and

appearance. The larvae should be between 250 and 350 mg
and light in color (se¢ Note 6).

. Clean the Hamilton syringes: Syringes are first cleaned with

10 % bleach three times, then with 100 % ethanol, ddH,O, and
1x PBS sequentially. Clean the syringes again after six injec-
tions or between fungal strains.

. Larvae inoculation: G. mellonella larvae are inoculated by

direct injection into the hemocoel. A volume of 10 pL of inoc-
ulum is delivered into their last left proleg using a clean
Hamilton syringe (see step 3) (Fig. 1a). Immobilize the larva
using a three-finger pincer grasp and insert the needle into the
injection site (see Note 7) (Fig. 1a). For C. albicans infections,
the inoculum concentration is 10° cells/larvae for a lethal
infection (see Note 8).

. Following the inoculation place the larva onto a kimwipe to let

it recover and to observe the amount of bleeding, hemolymph
leakage from the wound. A small spot on the paper due to
larval bleeding is normal, but if the larva continues to bleed,
discard it (see Notes 9 and 10).

. After all the larvae within the infection group are inoculated,

put them into a petri dish and incubate them at 37 °C. The
incubation temperature can be adjusted depending on the
experiment (see Notes 11 and 12). Depending on the infect-
ing pathogen, the larvae will melanize, appearing dark in color
(Fig. 1b). Melanization is observed during an infection with
C. albicans but not with Cryptococcus neoformans.

. Release of the internal organs: At appropriate time points three

larvae per group are cut open from the upper part of the body to
the lower and then squeezed to release their internal structures
(Fig. 1c). At first, the fluid that comes out is the hemolymph,
which s discarded, and then the larvae are held over an Eppendorf
tube containing 1 mL of formalin, and the internal organs are
released into the tube. The collected internal structures are
stored at 4 °C overnight and the internal organs are subsequently
put into mesh biopsy collection bags which are placed in an
automated tissue processor (Autotechnicon Mono). The tissue
is serially dehydrated with 50, 70, and 90 % ethanol for 1 h each
and then with 100 % ethanol for 3 h. The tissue is then trans-
ferred to xylene for 3 h and mounted in paraffin. Paraffin blocks
are allowed to harden overnight at =20 °C [21].

. Tissue visualization for filamentation: Thin sections of paratfin-

embedded tissue are cut, stained with periodic acid-Schift (PAS),
and observed under the microscope (Fig. 1d) (see Note 13).
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Fig. 1 Fungal filamentation in G. mellonella. (a) Inject the larvae on their last left proleg using Hamilton syringes.
(b) Infected larvae become melanized. (c) Cut the larva open with a scalpel and squeeze to release the internal
structures (arrow). (d) Fixed tissue is sectioned and stained with PAS to observe fungal cells (white arrow) and
filaments (black arrow)

3.2 Observation 1. Use nematodes at the 1.4 stage which you can synchronize as
of Filamentation follows: Cut a ~1 cmx~1 cm square of NGM agar containing
in Caenorhabditis recently hatched nematodes from stock plates (stored at 15 °C)
elegans with any sterilized sharp tool. Transfer the agar square to a new

NGM plate with E. colz and place the upper surface of the square
directly on to the surface of the new plate. Incubate worms at
15 °C for 3—4 days until they become gravid. After that, wash
the plate with 6 mL M9 butfter and pour the M9 (containing the
gravid worms) into a 15 mL centrifuge tube. Add M9 buffer to
a total volume of 15 mL. Centrifuge for 30 s at 1,500xg.
Remove the supernatant, leaving the worms in 500 pL bufter.
Add 400 pL 100 % bleach plus 100 pL. 5 M NaOH to the tube
and mix gently until the cuticles of half of the worms have rup-
tured (sec Note 14). Monitor worms under the dissecting
microscope during this step to avoid breaking the nematode
eggs. Quench the reaction by adding M9, and subsequently,
wash the eggs three times with M9. After the final wash, remove
the supernatant and add 5 mL M9. Leave the tube at room
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temperature on a rotisserie for at least 18 h to allow the eggs to
hatch. Transfer the hatched worms to fresh NGM plates with
E. coli and incubate at 25 °C for 60 h. After the incubation
period, worms at the 14 to early adult stages are used in the
proceeding experiments to infect with fungi (see Note 15).

. Prepare the appropriate fungal strains you want to use in the

experiment. For example, for Candida strains, inoculate 2 mL
of YPD and let them grow at 30 °C, overnight. Prepare lawns
by spreading 200 pL of each culture on 100x 15 mm plates
that contain solid BHI media with 45 pg/mL kanamycin
(see Note 16). Incubate the plates at 30 °C for 48 h.

. Nematode inoculation: Transfer approximately 100 worms

onto each lawn and allow them to feed for 4 h. Gently wash
the worms off the plates using M9 butffer (see Note 17). Wash
nematodes four times with M9 using gravity to collect the
worms. Remove the liquid from the tube using aspiration.
After the final wash, suspend the worms in 500 pL. M9 and
500 pL 80 % BHI, 20 % M9, and 45 pg/mL kanamycin.
Transfer 70-80 infected worms into wells that contain 2 mL
liquid medium of 80 % M9, 20 % BHI, and 45 pg/mL kana-
mycin (se¢ Note 18). After 60 h of incubation at 25 °C, fila-
ments can be observed protruding from 40 to 60 % of the
nematodes. Images of filaments puncturing through the worm
cuticle can be observed with light microscopy (Fig. 2).

. C. elegans filamentation staining: At appropriate time intervals

stain 2040 of the worms in 200 pL of 10 pM FUN-1 and
25 pg/mL Concanavalin A-Alexa Fluor 488 for 45 min. Take
pictures with a confocal laser microscope (see Notes 19-22).

Fig. 2 C. elegans infected with GFP-expressing C. albicans. Arrows point to fungal
filaments protruding out of the nematode’s cuticle



3.3 Observation
of Filamentation
in Drosophila
melanogaster

Table 1
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1. Prepare working suspensions of fungal cells: Grow the fungus

you want to use on appropriate solid media. Pour 0.5 mL ster-
ile water onto the plates and spread to create a cell suspension.
Dilute the cell suspension to an appropriate concentration
(e.g., 10® spores/mL for zygomyces).

. Preparation of the mutant flies: Cross flies carrying a null allele

of Toll (TI'®4) with flies that are carrying a thermosensitive
allele of Toll (TI32) [26, 28, 29] (see Note 23).

. Inoculation of the flies: Anesthetize the flies by placing them

on the CO,-flow fly pad. Dip a tungsten needle into the fungal
cell suspension after sterilizing it and insert it into the dorsolat-
eral aspect of the fly thorax. Return injected flies to the fly-food
vial and observe them for 3 h. If they die within this time
period, it means they sustained an injection injury and should
not be used in the experiment. Maintain infected flies at 29 °C
(see Notes 24 and 25).

. Observation for filamentation: On day 1 after infection, fix the

flies with 10 % vol /vol formaldehyde, process them and embed
them in paraffin (see Note 26). Cut tissue sections using a
microtome, stain them with the appropriate stain (e.g., Crystal
violet for zygomyces or Grocott-Gomori methenamine-silver
nitrate (GMS) stain for Candida) and observe under the
microscope [26, 30] (Table 1).

Differences in the methods used to study fungal filamentation among different hosts

Galleria mellonella

Caenorhabditis elegans

Drosophila melanogaster

Breeding and
synchronization
of the host

Inoculation
method

Common incuba-
tion temperatures

Observation
of fungal
filaments

Larvae are acquired
directly from the
vendor and can
be used within
7 days

Direct injection

25-37 °C

Observe thin
sections of
paraffin-embedded
tissue from the
G. mellonelln
internal organs
stained with PAS

Nematodes can
be synchronized
as described
in the text

Nematodes are left
to feed on
fungal lawns

15-25 °C

Observe the worm
directly either
without stain or
with FUN-1 and
Concanavalin A-Alexa
Fluor 488 stains
under a confocal
laser microscope

Cross flies carrying the
thermosensitive allele
with the ones carrying
the null allele of Toll
to produce the
heterozygotes needed
for the experiments

Injection, rolling on
fungal cultures or
feeding on fungal lawns

<22-27 °C

Stain thin sections of
whole flies embedded
in paraffin and observe
under the microscope
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4 Notes

1. We have found these bags will keep the larvae internal struc-
tures together so they can be fixed in an automated processor.

2. By depositing the G. mellonelln acquired from the vendor into
a plastic bin, the larvae are easier to inspect and sort so they can
be selected for uniformity in color and size.

3. Streptomycin does not prevent OP50 E. coli growth but does
inhibit contamination.

4. Using a consistent volume of media for each plate will reduce
the need to refocus the microscope between plates when
inspecting the nematodes. For example, 20 mL of media can
be used for 15 x 100 mm plates.

5. Fly food is obtained in powder form and dehydrated from a
biological supply company. However, since it is the only source
of water for flies, it should be rehydrated properly for best
results.

6. Some of the larvae from the vendor shipment can be dark in
color due to a melanization effect. Consistent results are
achieved when the light-colored larvae are utilized for the
experiments.

7. The insertion of the needle should be easy. If you feel tension
when trying to insert the needle, adjust the position slightly.

8. We make a 10® cells/mL stock solution in PBS and inject
10 uL for a final concentration of 10° cells/larva.

9. There are two reasons why you should discard these larvae.
First, they may be dead soon due to uncontrollable bleeding,
and second, even if they survive, it is impossible to predict
what amount of the inoculum remained inside the larva, lead-
ing to experimental error.

10. Shortly after injecting the larvae with C. albicans, the G. mellonelln
will begin to melanize, starting at the injection site.

11. Keep in mind that differences in temperature alter the G. mel-
lonelln immune response [31, 32], so the temperature at which
the experiment was conducted should be clearly stated in order
to have reproducible results.

12. Two control groups should be included for each experiment,
uninjected larvae and G. mellonelln injected with PBS. Both
are incubated for the allotted time of the experiment. The
uninjected control group will ensure the quality of the larvae
lot throughout the course of the experiment. Those injected
with PBS will enable the monitor of any effects from the
trauma of injecting the larvae.
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13.

14.
15.

16.

17.

18.

19.

FITC: An alternative technique can be used to observe
filamentation of fungal cells during their interaction with
G. mellonelln hemocytes in vitro. This technique utilizes the
stain fluorescein isothiocyanate (FITC) to allow for better
visualization of fungal cells. Specifically, culture fungal cells
overnight, wash them with PBS and then add 0.1 mg/mL
FITC and incubate for 30 min in the dark at room tempera-
ture. Following the incubation, wash three times with PBS
containing 1.5 % fetal bovine serum (FBS). Collect healthy G.
mellonelln hemolymph by cutting the larvae at the base of the
right last true leg and let it bleed in tubes containing cold,
sterile IPS. Centrifuge the collected hemolymph at 700 x g for
5 min at 4 °C and then pass the supernatant through 0.45 mm
filters to separate the cells from the hemolymph. Suspend
FITC-labeled fungal cells in 10 % cell-free hemolymph in IPS
at 37 °C for 60 min with agitation for opsonization. Take the
G. mellonella hemocytes and suspend 5 x 10* of them in 500 pL
of Grace’s medium on glass chamber slides. Incubate for 2 h at
37 °C. Remove the medium and add 100 pL of opsonized,
FITC-labeled fungal cells and incubate at 37 °C for another
2 h. Wash the chamber slides with PBS containing 100 mg/
mL CaCl,, 100 mg/mL MgCl,, and 5 mM glucose; fix over-
night with 4 % paraformaldehyde; and observe for filamenta-
tion using a microscope.

The worms will be a “V” shape as they break open.

We favor the use of the mutant strain glp-4sek-1, because of
the adverse effects that can occur with the N2 wild-type strain,
such as matricidal death due to premature hatching of the eggs
within the nematode. glp-4 mutants are unable to produce
progeny at 25 °C, but they are also much more resistant to
C. albicans killing than the wild-type strain [33]. SEK-1
encodes for a mitogen-activated protein kinase within the
C. elegans orthologue of the human p38 kinase cascade, which
plays an important role to the nematode’s immune response to
pathogens [34]. Therefore, the glp-4;sek- I strain is susceptible
to C. albicans and does not exhibit significantly different sur-
vival compared to the N2 strain [23].

Take care that the lawn does not extend to the wall of the
plates. Food too close to the edge of the plate will entice worms
to crawl onto the plastic where they will dry out.

By washing gently and disposing as little of the fungal cells as
possible, fewer of the fungi will transfer into the liquid portion
of the assay.

The mixture of BHI, M9, and kanamycin is made fresh the day
of the experiment.

FUN-1 is a fluorescent yellow stain that is absorbed by meta-
bolically active fungal cells and fluoresces red when illuminated



170

Marios Arvanitis et al.

20.

21.

22.

23.

24.

25.

26.

at 480 nm. Concanavalin A-Alexa Fluor 488 is a stain that
fluoresces green at 512 nm and is used to stain polysaccharides
and filaments.

Alternatively you can watch the worms without special staining
with a microscope with 40x magnification and observe for
penetrative filamentation (defined as any breach in the worm
cuticle by filamentous cells).

Worms are transferred to an agarose pad on a glass slide.
The pad is made of 2 % agarose.

Electron microscopy of infected nematodes: This is an addi-
tional method that can be used and allows for a more detailed
visualization of host-pathogen interactions and was first
described by Cruz et al. [24]. After incubation in liquid
medium (see Subheading 3.2, step 3) for 4 days, fix specimens
in 3 % glutaraldehyde overnight. Rinse in Millonig’s buffer for
5 min and layer the sample with 2 % OsO, for 60 min at 4 °C.
Rinse the samples with deionized water and dehydrate them
sequentially using 20, 70, and 95 % ethanol (10 min each),
100 % ethanol (10 min, repeat three times), and 100 % propylene
oxide (10 min, repeat three times). Permeate the samples with
50 % LX-112 resin and 50 % propylene oxide for 3 h followed
by 100 % LX-112 for 2 h before embedding in 100 % LX-112
in BEEM capsules for overnight polymerization at 70 °C. Cut
500 nm thick sections using a glass knife and a Leica Ultracut-R
microtome. Heat fix to glass slides and stain for 20 s with
Toluidine Blue to select the most appropriate areas for imag-
ing. Trim the blocks and cut 120 nm thin sections using the
same ultramicrotome and a diamond knife (Diatome-U.S.),
place on 100 and 150 mesh copper grids (EMS), and stain for
15 min with 2 % uranyl acetate. Rinse with ddH,O and further
stain for 5 min with Reynold’s lead citrate. Image the grids
using a JEOL 1200 transmission electron microscope at 60 kV
and capture with a 2 kx 168 2 k Gatan CCD camera.

Fly strains can be acquired from many different sources.
A commonly used source is the Bloomington stock center at
Indiana University.

29 °C is the temperature at which the flies are most sensitive to
fungal infection due to a temperature-sensitive loss-of-function
allele.

There are other ways to inoculate the flies, for example, by
letting them feed on fungal cell lawns or by rolling them on
fungal cultures [27], but the injection method allows for a
more accurate quantification of the inoculum.

The fixation and processing can be performed using standard
histologic procedures [35]. Specifically, dip the flies into a
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10 % vol /vol solution of formaldehyde and fix them at 4 °C
overnight. Then dehydrate the sample by submerging into
40 % (twice), 70, and 100 % (twice) ethanol sequentially at
room temperature for 10 min in each. Then incubate the
tissue in methyl benzoate and methyl benzoate/paraffin
(1:1 mixture) for 30 min in each and subsequently submerge
it in two changes of melted paraffin at 60-65 °C for 60 min
in each change. Finally, embed the sample in a third change
of melted paraffin and leave it at room temperature overnight

to become hard.
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Chapter 12

Microbiological Methods for Target-Oriented Screening
of Biofilm Inhibitors

Livia Leoni and Paolo Landini

Abstract

The ability of many pathogenic bacteria to grow as a biofilm results in lower susceptibility to antibiotic
treatments and to the host immune response, thus leading to the development of chronic infections. The
understanding that biofilms can play an important role in bacterial virulence has prompted the search for
inhibitors of biofilm development and of biofilm-related cellular processes. In this report, we present two
examples of target-based microbiological screenings for antimicrobials endowed with anti-biofilm activity,
aimed respectively at the inhibition of the signal molecule cyclic di-GMP and of quorum sensing.

Key words Biofilm, Antimicrobials, Signal molecules, Quorum sensing, Acyl-homoserine lactone,
Elastase, c-di-GMP, Diguanylate cyclase

1 Introduction

Biofilm and planktonic cells differ significantly in their physiology,
gene expression pattern, and morphology. Bacteria growing in bio-
films are less sensitive to treatments with antimicrobial agents com-
pared to planktonic cells [ 1-4 ]. Although the molecular mechanisms
of tolerance to antibiotics are not yet fully understood, it appears
that “persister cells,” i.e., bacterial cells with a dormant metabolic
state that provides insensitivity to most antibiotics, play an impor-
tant role in decreased antibiotic sensitivity (reviewed in ref. 5). Due
to their lack of sensitivity to antibiotics, there is a strong need for
novel approaches aimed to the inhibition of cellular processes
linked to biofilm formation, maintenance, and dispersal, which
have therefore become important targets for the discovery of novel
chemical inhibitors. Such inhibitors may be used either alone or in
combination with conventional antimicrobial agents in anti-infec-
tive therapies. Since biofilm formation responds to signal mole-
cules that can trigger the transition from single cell to microbial
biofilms, strategies aimed at the development of anti-biofilm agents

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
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often target either signal molecule biosynthesis or their transduc-
tion pathways.

Quorum sensing (QS) is a cell-cell communication process that
plays a key role in virulence and biofilm formation in bacteria; hence,
QS inhibitors (QSI) are considered promising anti-biofilm agents
[6-8]. The most widespread QS signals in proteobacteria are N-acyl-
L-homoserine lactones (acyl-HSL), and the mechanism ot acyl-HSL-
dependent QS in the human pathogen Pseudomonas acruginosa has
been widely studied (reviewed in ref. 9). P. aeruginosa has two inter-
connected acyl-HSL QS systems, based on the production of N-3-
oxododecanoyl-homoserine lactone (30C,,-HSL) and
N-butanoyl-homoserine lactone (C4-HSL) as signal molecules.
30C,,-HSL is synthesized by the Lasl synthase, and, when it reaches
a threshold concentration in the bacterial cell, it can be bound by
transcriptional regulator LasR. The LasR/30C,-HSL complex
activates transcription of hundreds of genes, including genes involved
in the production of virulence factors, in the expression of efflux
pumps involved in antibiotic resistance [6, 10].

Although QS is not strictly necessary for biofilm formation in
P. aeruginosa, it plays a crucial role in shaping the properties of
both biofilm matrix and cells. P. aeruginosa mutants impaired in
QS typically produce biofilms more susceptible to antibiotics and
to the host immune system, and QS is therefore considered a prom-
ising target for novel antimicrobial agents [6, 8]. Indeed, several
compounds inhibiting P. aeruginosa acyl-HSL QS have been dis-
covered by library screening of synthetic and natural compounds.
Some of these compounds are able to prevent P. aeruginosa infec-
tion in animal models and to increase P. aeruginosa biofilms suscep-
tibility to both antibiotics and the host immune system [6, 8, 11].
Recently, 2-aminobenzimidazole derivatives were discovered that
are capable of dispersing P. aeruginosa biofilms [12].

Another class of signal molecules instrumental in biofilm
regulation is modified nucleotides, such as cyclic di-GMP mono-
phosphate (c-di-GMP) and, possibly, cyclic di-adenosine monophos-
phate (c-di-AMP); the involvement of the latter in biofilm
formation, however, has not yet been characterized. Accumulation
of ¢-di-GMP promotes biofilm formation and maintenance via a
variety of different mechanisms resulting in increased production
of cell adhesion factors, including allosteric activation of enzyme
activity and acting as a ligand for regulatory proteins [13-15].
Intracellular levels of c-di-GMP are determined by two classes of
enzymes with opposite activities: diguanylate cyclases, which syn-
thesize c-di-GMP, and c-di-GMP phosphodiesterases that hydro-
lyze it into the inactive diguanylate phosphate (pGpG) form
(reviewed in ref. 16). Genes involved in c-di-GMP biosynthesis
and turnover are conserved in all Eubacterin, while absent in
animal species [17], thus making enzymes involved in c-di-GMP
biosynthesis an interesting target for anti-biofilm agents; indeed,
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diguanylate cyclases have been targeted for development of specific
inhibitors both via chemical design of substrate analogues [ 18] and
via high-throughput screenings [19].

In this chapter, we describe screening strategies for inhibitors
of either QS or ¢-di-GMP biosynthesis. Both strategies are defined
by a primary assay, suitable for high-throughput screening of
chemical compounds, and a secondary assay, used to confirm the
activity and target specificity of the hit compounds in the primary
assays. Bacterial strains used as biosensors in the screening assays
presented are available from the authors upon request (L.L. for the
P. aeruginosa QS biosensors and P.L. for Escherichin coli strains
overproducing c-di-GMP).

As a general remark, it should be pointed out that, while we
chose to illustrate target-oriented screening strategies linked to the
production of signal molecules in Gram-negative bacteria (viz.,
acyl-HSL and ¢-di-GMP), some of the techniques presented here
can be applied to a variety of different biological systems. For
instance, the crystal violet assay is commonly used for biofilm
determination by any bacterium, either Gram-positive or Gram-
negative, and even for eukaryotic microorganisms. However, in
the method presented here, it is the utilization of a specific indica-
tor strain (the AM70,/pTOPOAdrA strain, see below) that confers
the crystal violet assay specificity for inhibitors of ¢-di-GMP bio-
synthesis. Likewise, reporter-based assays modeled on the one
described here can be devised for different QS systems, both in
Gram-negative and Gram-positive bacteria.

2 Materials

e Bacterial strains: P. aeruginosa PA14 [20] and PA14-R3 bio-
sensor [21], E. coli AM70,/pTOPOAdrA [22].

e Growth media: Luria-Bertani broth (LB: 10 g/L. NaCl;
10 g/L tryptone; 5 g/L yeast extract); Luria-Bertani agar (LA,
as LB plus 15 g/L agar); M9Glu/sup medium (82 mM
Na,HPO,, 24 mM KH,PO,, 130 mM NaCl, 19 mM NH,CI,
1 mM MgSO,, 0.1 mM CaCl,, 0.4 % glucose, 0.25 g/L tryp-
tone, 0.125 g/L yeast extract). When necessary, ampicillin is
supplied at 100 pg/mlL.

e Phosphate buffer saline (PBS): 137 mM NaCl; 2.7 mM KCI;
10 mM Na,HPO,; 2 mM KH,PO,, pH 7.4.

e MOPS buffer: 83.7 g/1L 3-( N-morpholino) propanesulfonic
acid (MOPS); 13.6 g/L sodium acetate, trihydrate; 3.7 g/L
cthylenediaminetetraacetic acid (EDTA), disodium salt.

e Crystal violet, 1 % aqueous solution.

e Black, clear-bottom 96-wells microtiter plates.
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e Wallac 1420 Victor®V multilabel plate reader.
e Polystyrene 96-well microtiter plates.

e 12.5 cm Supelcosil LC-18-DB, 3 pm particle size, reversed-
phase HPLC column.

e HPLC buffers: buffer A (0.1 M KH,PO, pH 6); buffer B
(0.1 M KH,PO, pH 6, 20 % CH;0OH).

e Elastin-Congo red.
e Protease Buffer (100 mM Tris-HCI; 1 mM CaCl,, pH 7.5).

3 Methods
3.1 Rationale of the

Primary Screening
System for QSI/

3.2 QSlI Screening

The screening system for inhibitors of P. aeruginosa QS [21] is
based on a biosensor strain (PA14-R3) able to detect the QS signal
molecule 30C,,-HSL. The PA14-R3 strain carries a nonfunctional
allele of the /asI gene and is thus unable to synthesize 30C,,-HSL;
however, it can respond to exogenous 30C,,-HSL provided either
through supply of the purified molecule or by co-cultivation with
a wild-type P. aeruginosa proficient in 30C,,-HSL production,
such as the PA14 strain. The screening system is detailed in Fig. 1.
The 30C,,-HSL signal synthesized by the wild-type PA14 diffuses
into the PA14-R3 biosensor and induces bioluminescence emis-
sion. The addition of a molecule with inhibitory activity towards
any process related to the 30C;,-HSL-dependent QS system,
namely, 30C,,-HSL synthesis, transport, and perception, will
reduce light emission by the biosensor with respect to a control
coculture grown in the absence of any chemical compound.

1. Grow P aeruginosn PA14 wild type and the 30C,;,-HSL
reporter strain PA14-R3 overnight at 37 °C on LA plates.

2. Scrape bacteria from LA plate surfaces and dilute in 1 mL
of LB to an absorbance at 600 nm (Aggonm) of 0.09 and 0.03
for PA14-R3 and PAl4, respectively (3/1 reporter/wild-

type ratio).
3. Aliquot 100 pL per well of the co-culture in a 96-well microti-
ter black plates with clear bottom.

4. Asuntreated control, add 100 pL of LB in six wells containing
the co-culture.

5. Set up serial dilutions of the compounds to 2x the final con-
centrations to be tested. For example, chemical compounds to
be used in the screening assays are dissolved in 10 mg/mL
DMSO and then diluted to 200, 20, and 2 pg/mL in LB
medium (to obtain 100, 10, and 1 pg/mL final concentra-
tions in the assay). Aliquot 100 pL of each compound in the
microtiter wells containing the coculture.
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Fig. 1 Schematic representation of the PA14/PA14-R3 cocultivation screening system. The wild-type PA14
produces the 30C;,-HSL signal that in turn activates PA14-R3 bioluminescence emission. PA14-R3 is a PA14
derivative in which a transcriptional fusion between the LasR-dependent rsal promoter (P) and the /uxCDABE
operon (LUX) was chromosomally integrated at the attB neutral site of the chromosome. In addition, the /as/
gene encoding 30C;,-HSL synthase was inactivated by transposon insertion (Tn) in the PA14-R3 strain.
Inactivation of the /as/ gene prevents self-activation of the reporter system, thus allowing the screening system
to identify also inhibitors of acyl-HSL transport and uptake. Molecules interfering with synthesis of the signal
molecule by Lasl in the PA14 strain (reaction marked as (7) in the figure), transport of the signal molecule across
the cell envelope (2), and activity of the signal molecule receptor LasR (3) will all cause a reduction of lumines-
cence in comparison to the untreated control. Tn: MrT7 transposon (Reproduced from ref. 21 with permission)

3.3 Secondary
Assay: Elastase
Production

6. Incubate the microtiter plate at 37 °C for 4 h with gentle
shaking.

7. Measure Agonm and light counts per second (LCPS), simulta-
neously (see Note 1).

8. Put back the microtiter plate at 37 °C and incubate for further
2 h, then repeat the above measurement (see Note 2).

Elastase is a P aeruginosa secreted protease that mainly targets
mammalian elastin and playsakeyrolein virulence [4 ]. Transcription
of'the elastase gene, /asB, is strongly activated by QS [9]. Therefore,
a convenient method to validate the QS inhibitory activity of a hit
compound is to measure its effect on elastase production, in com-
parison with an untreated control.

The elastase assay is based on the Elastin-Congo red reagent, a
water-insoluble powder in which elastin is bound to the Congo red
dye. Hydrolysis of elastin causes the release of the dye in the aque-
ous phase. The amount of released (soluble) dye is proportional to
the level of hydrolyzed elastin and, ultimately, to the level of elas-
tase present in a P aeruginosa culture supernatant. The method
described here is modified from reference [23].
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3.4 Elastase Assay
Procedure

3.5 Rationale of the
Primary Screening
System for Inhibitors
of c-di-GMP
Biosynthesis

3.6 Screening

for Inhibitors

of c-di-GMP
Biosynthesis by
Crystal Violet Assay

1. Inoculate P. aeruginosa at an Agyonm~0.05 into 20 mL of LB
supplemented with 50 mM MOPS (pH 7.0), in the presence
of increasing concentrations of the test compound. Incubate
at 37 °C with shaking.

2. Set up 1.5 mL microtubes each one containing 20 mg of
Elastin-Congo red and 1 mL of Protease Buffer (see Note 3).

3. Withdraw 1 mL of bacterial culture every 3 h. Measure Asoonm
of the sample, harvest the cells by centrifugation, and recover
the culture supernatant (see Note 4).

4. Add 100 pL of culture supernatant to the microtube contain-
ing the Elastin-Congo red suspension. Prepare a control sam-
ple (blank) by adding 100 pL of sterile LB instead of the
culture supernatant.

5. Incubate 2 h with gentle shacking at 37 °C.
6. Centrifuge 3 min at 12,000 x g4 at room temperature.

7. Read optical absorbance at 495 nm of the clear supernatants,
using as blank the control sample (see above). Normalize with
respect to the Agyonm Of the corresponding culture.

The AMY70 strain is a derivative of the standard E. colz laboratory
strain MG1655 carrying a deletion of the csgA gene [22]. The
csgA gene encodes the main subunit of curli fibers, the most impor-
tant adhesion factor in E. coli, and its deletion results in the inabil-
ity to form biofilm on microtiter plates. Transformation of AM70
with a multicopy plasmid carrying the 2drA gene (pTOPOAdrA),
encoding a diguanylate cyclase, stimulates cellulose production
through c-di-GMP biosynthesis. Cellulose acts as an adhesion fac-
tor and promotes cell adhesion to microtiter plates, which can be
detected by crystal violet staining. Chemical compounds interfer-
ing with c-di-GMP biosynthesis, such as the sulfonamide antibiotic
sulfathiazole, completely inhibit biofilm formation and prevent cell
adhesion to microtiter plates (Fig. 2).

1. Grow the AM70,/pTOPOAdrA strain overnight (se¢ Note 5)
in M9Glu/sup medium supplemented with ampicillin. Dilute
the culture to Agyonm =0.02 in fresh medium with no antibiotic
and distribute 100 pL in each well of a microtiter plate.

2. Set up serial dilutions of the compounds to 2x the final con-
centrations to be tested. For example, chemical compounds to
be used in the screening assays are dissolved in 10 mg/mL
50 % DMSO and then diluted to 200, 20, and 2 pg/mL in
M9Glu/sup medium (to obtain 100, 10, and 1 pg/mL final
concentrations in the assay). DMSO at final concentrations of
0.5 % or lower had no effect on biofilm formation. Aliquot
100 pL of each compound to be tested to the microtiter wells
inoculated with the AM70,/pTOPOAdrA culture.

3. Incubate for 20 h at 30 °C (sec Note 6).
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AM70

AM70/pTOPO ({2

0 2 4 6 8 10
Adhesion units

2 c-di-GMP-dependent biofilm formation in E. coli AM70. Biofilm was

detected with the crystal violet staining method described in the text. Left panel.
biofilm visualization after crystal violet staining (step 8 of the procedure
Subheading 3.6); right panel: quantification of biofilm cells as adhesion units
(steps 9-11 of the same procedure). Biofilm formation only takes place when
the diguanylate cyclase AdrA is overexpressed from the multicopy plasmid
pTOPOAdrA, and it is inhibited by the sulfonamide antibiotic sulfathiazole [22]

10.
11.

. Determine the Agponm Of the liquid culture. This can be auto-

matically done by a plate reader spectrophotometer (for HTS)
or by collecting 100 pL and adding them to 900 pL of fresh
medium in a 1-mL cuvette (this value is indicated as “Agoonm
culture” and will be used to quantify the amount of biofilm
formed).

. Remove the liquid culture and wash the microtiter plate wells

with 200 pL PBS.

. Air-dry the microtiter well for 10-20 min.
. Add 200 pL of 1 % crystal violet and incubate at room

temperature.

. Remove crystal violet solution, wash with water, and drain

excess water by placing microtiter plates upside down on blot-
ting paper. At this stage, biofilm cells are stained by crystal
violet, allowing visualization (see Fig. 2). For quantitative eval-
uation of biofilm, proceed as follows.

. Resuspend the stained biofilm cells in 200 pL ethanol and

incubate for at least 20 min; if needed, scrape the biofilm layer
to facilitate solubilization (see Note 7).

Measure the Asopnn, Of the solubilized crystal violet (CV 45900m)-

Quantitative determination of biofilm is obtained as “adhesion
units,” i.e., the value obtained by the ratio CV 45000m/ Aso0nm
culture (values obtained at step 10 and step 4 of the
procedure).

Compounds tested were considered active when leading to a

more than fourfold reduction in the adhesion units value.
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3.7 Secondary
Screening for
Inhibitors of c-di-GMP
Biosynthesis: HPLC
Determination

As described, the assay aims at the discovery of molecules able

to inhibit biofilm formation. The crystal violet method can also be
easily adapted to screen for compounds able to promote biofilm
dispersal. In this case, proceed as follows:

1.

Grow overnight bacterial cultures diluted to Agypum=0.02 in
190 pL M9Glu/sup medium in microtiter plates for 20 h at
30 °C in the absence of any additional compounds.

. Set up serial dilutions of the compounds to 20x the final con-

centrations to be tested. For example, chemical compounds to
be used in the screening assays are dissolved in 10 mg/mL
50 % DMSO and then diluted to 2,000, 200, and 20 pg/mL
in M9Glu/sup medium (to obtain 100, 10, and 1 pg/mL
final concentrations in the assay). DMSO at final concentra-
tions of 0.5 % or lower had no effect on biofilm dispersal.
Aliquot 10 pL of each compound to be tested to the microti-
ter wells inoculated with the AM70,/pTOPOAdrA culture.

. Incubate for 2 h at 30 °C.

Proceed from step 4 onwards as described for inhibitors of

biofilm formation.

The method described here has a detection limit of about
0.3 pmol/mg bacterial cells (dry weight). In the AdrA-
overexpressing strain, c-di-GMP concentrations range in the orders
ot 300-500 pmol/mg ([22]; Fig. 3). The HPLC separation pro-
tocol was originally described in reference [24] and adopted to
c-di-GMP determination in Escherichia coli and Borrelin burgdor-
feri nucleotide extracts, as described [22, 25].

1.

2.

Grow overnight cultures of AM70/pTOPOAdrA (usually
20 mL culture).

Harvest bacterial cells by centrifugation (se¢e Note 8).
Resuspend the pellet in PBS buffer and transfer the sample in
a previously weighed eppendorf tube. Centrifuge again to col-
lect cells and discard the supernatant. Weigh the eppendort
tube and annotate the weight of the pellet (dry weight). Store
the pellet at =20 °C (see Note 9).

. Thaw the pellet and resuspend it in cold 0.4 M HCIO, at a

ratio of 0.4 mL /50 mg bacterial cells (dry weight).

Disintegrate bacterial cells by sonication (se¢e Note 10).
Remove cell debris and precipitated proteins by centrifugation
(12,0004, 10 min, 4 °C).

Neutralize supernatant with 1 M K,COj; (see Note 11), keep
on ice for 10 min, and centrifuge at 12,000x4 for 3 min.
Freeze supernatant at -20 °C (see Note 12). Thaw the super-
natant, centrifuge at 12,000 x4 for 3 min, and inject into the
HPLC column.
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Fig. 3 HPLC determination of c-di-GMP intracellular concentrations. HPLC chromatograms in the AM70 E. coli
strain overexpressing the diguanylate cyclase AdrA (AM70/pTOPOAdrA), in the presence (chromatogram
shown below) and in the absence (chromatogram shown above) of the antibiotic sulfathiazole. The peak cor-
responding to c-di-GMP, with a retention time of 22.6 min, is marked by an arrow; the peak with a retention
time of 21.8 min corresponds to NAD, as determined with a purified standard, and its intracellular concentra-
tion is not affected by exposure to sulfathiazole

6.

Separation of nucleotides is carried out on a HPLC system
equipped with a diode-array detector using a 12.5 cm Supelcosil
LC-18-DB, 3 pm particle size, reversed-phase column, at a
temperature of 18 °C. Elution conditions are 9 min at 100 %
buffer A, 6 min up to 12 % buffer B, 2.5 min up to 45 % bufter
B, and 2.5 min up to 100 % buffer B, holding at 100 % bufter
B for 5.5 min and returning to 100 % buffer A in 5 min. Flow
rate is maintained at 1.3 mL/min. In these conditions, purity
index of c-di-GMP peak is 0.96. Its identity as genuine c-di-
GMP is determined by coelution and identical UV absorption
spectra with a ¢-di-GMP standard (see Note 13). c-di-GMP
concentrations are calculated from its extinction coefficient (¢)
of 23,700 at 254 nm [26].

The result of a ¢-di-GMP determination in bacterial cells

grown either in the presence or in the absence of the sulfonamide
antibiotic sulfathiazole is shown in Fig. 3.

4 Notes

1. For the Wallac 1420 Victor®V multilabel plate reader (Perkin

Elmer), relevant parameters for bioluminescence measure-
ment were as follows: emission aperture, large; counting time,
1 s. Relevant parameters for absorbance measurement were as
follows: filter 595/60; excitation aperture, normal; reading
time, 0.1 s.
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2.

10.

11.

12.

13.

The criteria used for the selection of hit compounds were (1)
>50 % inhibition of bioluminescence emission and (2) <20 %
reduction of growth with respect to the untreated controls.
The latter criterion was aimed at avoiding any unspecific effect
of impaired growth on the QS response [11].

. Avoid the preparation of a stock suspension of Elastin-Congo

red. This powder is highly insoluble and aliquots of a suspen-
sion could contain different amounts of the reagent. We have
observed that aliquoting the powder in each sample micro-
tube enhances assay reliability.

Under these conditions, P. aeruginosa usually starts to pro-
duce fairly detectable levels of elastase at around Agpo= 3.0.

. E. coli strains harboring plasmids carrying diguanylate cyclase-

encoding genes, such as pTOPOAdrA, tend to lose their phe-
notype with time. It is best to transform the AM70 strain
shortly before utilization and streak one transformant colony
on LA plates. Stored at 4 °C, the colonies retain their pheno-
type for a few weeks.

. Incubation at temperature of 30 °C or lower is crucial for pro-

duction of cellulose, i.¢., the main adhesion factor produced in
response to ¢-di-GMP synthesis by the AdrA protein [27].
AdrA stimulates biofilm formation even at 37 °C but through
an unknown mechanism.

Resuspension of the biofilm can be problematic and can be
helped by vigorous pipetting. Utilization of 10 % acetone in
ethanol allows quicker resuspension of the biofilm (But make
sure that your plasticware is resistant to solvents!).

. This step is just for harvesting cells, so speed and times for

centrifugation can vary. Our standard conditions are 6,000 x g4
for 10 min at 4 °C.

. Itis suggested to freeze the pellet, since freezing and thawing

the cells will facilitate their lysis in the sonication step. Frozen
pellets can be stored for several days.

The efficiency of sonicators can vary greatly. Sonication must
be carried out on ice, giving pulses of no longer than 30 s,
with intervals of 30 s, to avoid heating of the sample. The
procedure is repeated until significant decrease of turbidity in
the bacterial suspension can be detected by eye.

The final pH should be 6.0. This value is obtained by adding
32 uL 1 M K,COj; to 150 pL of the acid supernatant.

It is suggested to freeze the neutralized supernatant before
HPLC analysis to facilitate removal of CO, formed during the
reaction between HCIO, and K,COj.

Using these separation conditions, the c-di-GMP peak is eluted
as a unique peak with a slightly higher retention time than
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NAD, a nucleotide with a high intracellular concentration.
NAD intracellular concentration can thus be used as a control
for specific inhibition of ¢-di-GMP biosynthesis (see also Fig. 3).
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Chapter 13

In Vitro Screening of Antifungal Compounds Able
to Counteract Biofilm Development

Marion Girardot and Christine Imbert

Abstract

Fungi are able to grow as a single-species or a more complex biofilm attached to inert surfaces (catheters...)
or tissues (lung...). This last form is a microbial niche which must be considered as a major risk factor of
developing a human fungal infection. Nowadays, only a few therapeutic agents have been shown to be
active against fungal biofilms in vitro and /or in vivo. So there is a real need to find new anti-biofilm mol-
ecules. Here we describe in detail some rapid, 96-well microtiter plate-based methods, for the screening of
compounds with anti-biofilm activity against Candida spp. yeasts. Two approaches will be considered:
prophylactic or curative effects of the tested compounds by producing biofilms on two supports — polysty-
rene well surfaces and catheter sections.

Key words Biofilms, Candida spp., Antifungal compounds, Catheters, Microtiter plates, Fungal
infections, Colorimetric assay, XTT

1 Introduction

Biofilms are consortia of microbial cells aggregated, attached to a
surface or an interface and embedded in a self-produced extracel-
lular matrix [1, 2]. In the human body, fungi can grow as a single-
species or a more complex biofilm that would host few fungal and /
or bacterial species. Fungal biofilms can develop on both superficial
and deeper sites, be attached to inert surfaces (catheters, prosthe-
sis...) or tissues (sinus, lung...). Both yeasts and filamentous fungi
are able to form biofilms both in vitro and in vivo; currently,
Candida spp. and Aspergillus spp. biofilms are the most studied
and the better understood fungal biofilms.

A biofilm acts as a microbial niche that is able to cause infec-
tions; so the biofilm must be considered as a major risk factor of
developing a fungal infection. It has been widely shown that
microbes growing as a biofilm (sessile microbes) have a different
phenotype compared to those of planktonic microorganisms;
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importantly, the clinically most relevant consequence is their lack
of sensibility to a wide range of antimicrobial agents [3-7].

Up to now, the in vitro efficiency of antifungal agents against a
fungal species has been mainly evaluated measuring the minimal
inhibitory concentration (MIC), studying more or less fungal strains.
However, in vitro and in vivo data do not necessarily agree: an anti-
fungal agent sometimes displays a very low MIC towards a strain
suggesting an in vitro sensitivity; however, this molecule may fail to
fight the fungal disease at the patient level. This lack of correlation
may be explained, at least for a part, by the different status of micro-
bial cells in patients (biofilm) versus for MIC tests (planktonic).

So, the knowledge of the biofilm lifestyle and the significant
available current data focusing on fungal infections associated with
the development of a biofilm should encourage microbiologists to
test the activity of antifungal compounds on both planktonic (MIC)
and sessile microorganisms. Moreover, the recently published
ESCMID guidelines for the diagnosis and management of Candida
diseases highlight specifically the case of catheter-related bloodstream
infections which require a cautious choice of an antifungal agent
known to be active against Candida spp. biofilms and also additional
measures, such as removal of the device when possible [8, 9].

So, nowadays, the anti-biofilm activity should be taken in
account to evaluate the interest of antifungal compounds.

Only a few agents have been shown to be active against fungal
biofilms in vitro and /or in vivo. The most effective available agents
against Candida biofilms would be echinocandins and amphoteri-
cin B lipid formulations although azole compounds would be
poorly efficient; however, beyond the biofilm status, it is essential
to consider the fungal genus and species as the active agents against
Aspergillus biofilms are quite opposite to those active on Candida
biofilms [3, 10-16].

So, there is a need to find new anti-biofilm molecules, ideally with
new mechanisms of action to expand this very short list of available
conventional antifungal agents able to counteract fungal biofilms.

Here we describe in detail some rapid, reproducible, accurate,
and inexpensive 96-well microtiter plate-based methods for the
screening of compounds with anti-biofilm activity against Candida
spp- yeasts. Depending on the required level of screening, we sug-
gest to produce biofilms directly either onto the polystyrene well
surface or on catheter sections. The method using wells as sub-
strates is faster but less effective; it is ideal for a broad screening.
Biofilms produced onto silicone catheters are certainly closer to
those that develop in vivo in animal models or in patients; how-
ever, their production needs more steps making it more time-
consuming. In addition, some steps require more precision using
silicone catheters, and approximate realization may cause a signifi-
cant variability in results. It has been demonstrated that the kinetic
as well as the architecture of the biofilm may be different depending
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on the substrate’s nature [5, 17, 18]. So, the method with silicone
sections permits a more relevant screening.

Moreover, different approaches can be considered to test the
candidate anti-biofilm compounds depending on the desired target
of action resulting in prophylactic or curative interests.

In the prophylactic approach, these compounds may be able to
prevent the adhesion phase, which is the early phase during the bio-
film growth process [5]. Two strategies would be used to test their
anti-adherent activity: in one case, the culture medium would be
enriched with the tested molecule to evaluate the ability of yeasts to
adhere to polystyrene surfaces in presence of this molecule and to
form a biofilm. Otherwise, polystyrene surfaces would be pretreated
by the tested molecule, to obtain an active noncovalent covering
layer, and the adhesion of Candida spp. to these pretreated surfaces
and their ability to form biofilms would be then evaluated.

In the curative approach, the anti-biofilm compounds may be
screened for their ability to act on later phases of the biofilm
growth, such as intermediate or mature phases.

So here are described two methods to test in microplates the
anti-biofilm activity of molecules using two materials, polystyrene
(well surfaces) and silicone (catheter sections), and corresponding
to prophylactic or curative approaches.

2 Materials

—

. C. albicans strains isolated from patients (see Notes 1-3).

2. Presterilized, polystyrene, flat-bottomed, untreated 96-well
microtiter plates.

3. Catheters in silicone 100 % (medical grade; 2 mm and 3.2 mm
in inside and outside diameters, respectively).

4. Sabouraud agar slants for yeasts’ subcultures.

5. Yeast Nitrogen Base medium supplemented with 30 mM of
glucose for biofilm development and treatment; YNB-Glc.

6. Tetrazolium salt 2,3-bis[ 2-methyloxy-4-nitro-5-sulfophenyl]-
2H-tetrazolium-5-carboxanilide (XTT) salt.

7. Menadione.

8. Sterile phosphate-buffered saline (PBS), pH: 7.2 stored at
4 °C until use.

9. Neat fetal bovine serum stored at -20 °C until use.
10. Dimethyl sulfoxide.
11. Ringer’s lactate.
12. Acctone.
13. Saliva stored at —20 °C until use.
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14.
15.
16.
17.

DL-Dithiothreitol.

Distilled water.

Ethanol 95 %.

Microtiter plate reader with 490 (or 450) nm optical filter.
Inverted microscope.

Multichannel pipet.

Fluconazole.

Amphotericin B.

Other studied anti-biofilm compounds.

Carry out all procedures at room temperature unless otherwise
specified. Microplates will be always incubated covered with their
lids. This section describes the following steps: (1) compounds and
yeasts preparation, (2) methods for antifungal tests on polystyrene
and then silicone surfaces, and (3) method for biofilm quantifica-

tion and the reporting results.

18.
19.
20.
21.
22.
3 Methods
3.1 Preparation of 1.
Gompounds for

Anti-biofilm Tests

3.1.1 Tested Compounds

2.

Tested concentrations: the tested concentrations against bio-
films will be in the range of planktonic MIC to 1,000 x plank-

tonic MIC.

Depending on the solubility of the tested compounds, difter-

ent solvents can be used to prepare stock solutions:

— for polar compounds, preferred solvent would be distil-

lated water.

— DMSO will be used for the nonpolar compounds (see

Note 4).

— Tween 80 can be added as a surfactant to allow the disper-
sal of oil components (except mineral oil). We advise 0.1 %

(v/V) (see Note 5).

The toxicity towards the cell model of other solvents should be
pretested before using it. The solubilization of the compound in

the solvent can be increased by shaking and sonication.

1.

Highly concentrated (we advice >10x MIC) stock solutions
of the studied compound can be aliquoted into small volumes

and stored at -80 °C.

The compound solutions at working concentrations can be

stored at 4 °C up for 24 h in closed tubes.

. Immediately before use, the compound in solution is

homogenized by shaking.



3.1.2 Antifungal Agents
(Positive Control)

3.2 Yeasts
Preparation

3.3 Tests Using
Polystyrene Well
Surfaces

3.3.1 Evaluation of the
Prophylactic Effect

Evaluation of the
Anti-adherent and
Anti-biofilm Activities of
Experimental Medium
Supplemented with Tested
Compound
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. The drugs used as control are solubilized following manufac-

turer’s instructions.

. Final working concentrations of each drug (in the range of

20-1,000 x the planktonic MIC) are prepared in YNB-Glc

medium.

. If needed, these antifungal solutions at concentration >20x

MIC can be aliquoted into smaller volumes (in YNB-Glc
medium) and stored at -80 °C until required.

. Yeast isolates are stored either as glycerol stocks at =80 °C or

on Sabouraud dextrose agar slants. All strains are maintained
on slopes of Sabouraud dextrose agar and subcultured monthly.

. 2 days before experiments start, pre-cultivate the yeasts on

Sabouraud agar slants at 37 °C for 48 h.

. Transfer a loopful of this culture to 25 mL of YNB-Glc in a

sterile Erlenmeyer flask of 100 mL; incubate without shaking
at 37 °C for 16 h (see Notes 6-8).

. Transfer the obtained blastospores suspension in a 50 mL plas-

tic tube; harvest blastospores and wash twice in sterile PBS; for
ecach washing, centrifuge the suspension at 4,000xy4 for
10 min at 25 °C, remove the supernatant, and add 25 mL of
PBS (see Notes 9 and 10).

. Add 10 mL of YNB-GIc to the washed yeasts after a last time

removing of the supernatant; resuspend them.

. Determine the concentration of the obtained fungal suspen-

sion using Kova cells and microscope (see Note 11).

. Adjust this final suspension at a cell density of 5x 106 blasto-

spores/mL in YNB-GIlc medium (se¢ Notes 12 and 13).

Here, we will discuss (1) the evaluation of the prophylactic effect
of a candidate compound against Candida biofilms with two dit-
ferent methods, in presence or not of tested compound during the
development of the biofilm, and (2) the evaluation of the curative
effect of a candidate compound against a preformed biofilm.

1. Before starting the experiment, calculate the exact number of

requested 96-well microplates depending on the number of
strains, tested molecules, and conditions (concentrations).
Prepare as many microplates as necessary (see Notes 14-16).

2. Add 200 pL of FBS to each test well.
3. Incubate the microplates overnight at 4 °C without shaking

(see Notes 17 and 18).

4. Remove FBS in each well using vacuum aspiration (se¢ Note 19).
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Evaluation of the
Anti-adherent and
Anti-biofilm Activities
Induced by Pretreatment of
Polystyrene Well Surfaces
by Tested Compound

. Wash each well to remove FBS surplus: add 200 pL PBS in wells

and then remove it using vacuum aspiration (se¢ Note 19).

Add 196 pL of YNB-GIlc in each well of the first column of
microplates.

7. Add 100 pL of YNB-Glc in wells of other columns (columns 2-11).

10.

11.

. Add 4 pL of the stock solution (the highest working concen-

tration), solvent control, or antifungal agent control (positive
control) in three successive wells of the first column of micro-
plates (see Notes 20-22).

A serial twofold dilution is prepared: after mixing with a mul-
tichannel pipet the solutions in the wells of the first column,
remove 100 pL of this first column and add it in the second
column. After mixing with the pipet the solutions in the wells
of the second column, remove 100 pL of this column and add
it in the third column. Repeat this operation until column 11
after which the final 100 pL are discarded.

Add 100 pL of the yeast suspension (5x10° cells/mL) in
each well.

Incubate the microplates without shaking for 2 h or/and 22 h
at 37 °C to permit adhesion and biofilm formation, respec-
tively (see Note 23).

Prepare as many microplates as necessary (see Notes 14-16).

Add 196 pL of FBS in each well of the first column of a micro-
plate and 100 uL of FBS in wells of the other columns (col-
umns 2-12) (see Note 18).

. Add 4 pL of the studied stock solution, solvent control, or

antifungal agent (positive control) in the wells of the first col-
umn in three successive wells by product (see Notes 20-22).

. A serial twofold dilution is prepared: atter mixing with a mul-

tichannel pipet the solutions in the wells of the first column,
remove 100 pL of this column and add it in the second col-
umn. After mixing with the pipet the solutions in the wells of
the second column, remove 100 pL of this column and add it
in the third column. Repeat this operation until column 11
after which the final 100 pL are discarded.

. Incubate the microplates at 4 °C (overnight) or at 37 °C (1 h)

(without shaking) (see Note 23).

Remove noncoated surplus of both FBS and tested compound
in each well using vacuum aspiration (se¢ Note 19).

7. Add 200 pL of the yeast suspension (5x10° cells/mL.) in each well.

. Incubate the microplates without shaking for 2 h or/and 22 h

at 37 °C to permit adhesion and biofilm formation, respec-
tively (see Note 23).



3.3.2  Evaluation of the
Curative Effect of Tested
Compound

3.4 Tests Using
Silicone Sections

—
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Prepare as many microplates as necessary (se¢ Notes 14-16).

. Add 200 pL of FBS to each test well. Incubate the microplates

at 4 °C (overnight) or at room temperature (1 h) (se¢ Note 18).

. Remove FBS in each well using vacuum aspiration (se¢ Note 19).

4. Wash each well to remove FBS surplus: add 200 pL PBS in wells

10.
11.

12.

13.

14.

15.

16.

and then remove it using vacuum aspiration (see Note 19).

. Add 200 pL of the suspension of blastospores at 5 x 10° blas-

tospores/mL in each well pretreated with FBS and incubate
microplates for 1 h at 37 °C (without shaking).

Remove carefully nonadherent cells in each well using vac-
uum aspiration; the culture medium must be totally removed
(see Note 19).

Wash twice with 250 pL. PBS each well covered with adherent
yeasts to remove all the nonadherent yeasts.

. Add 250 pL of YNB-Glc to each well containing adherent cells.

Incubate the microplates without shaking at 37 °C for 2, 24,
48 h, or other point times in YNB-GIc to obtain biofilms with
the desired stages of maturation.

For the preparation, use new 96-well microplates.

Add 196 pL of YNB-GIc in each well of the first column of micro-
plates and 100 pL of YNB-Glc in the wells of other columns.

Add 4 pL of the stock solution, solvent control, or antifungal
agent (positive control) in three successive wells of the first
column of microplates (see Notes 20-22).

A serial twofold dilution is prepared: after mixing with a mul-
tichannel pipet the solutions in the wells of the first column,
remove 100 pL of this column and add it in the second col-
umn. After mixing with the pipet the solutions in the wells of
the second column, remove 100 pL of this column and add it
in the third column. Repeat this operation until column 11
after which the final 100 pL are discarded.

Take now both the microplates with preformed biofilms and
those with tested compounds.

Transfer 50 pL of each well of the microplates with tested com-
pounds in the corresponding well of the microplates containing
biofilms, being careful not to disrupt the biofilms (sec Note 24).

Incubate preformed biofilms with tested compounds for 24 h
without shaking (see Note 23).

This section describes the procedure of the anti-biofilm test using
silicone sections including (1) the preparation of the substrate, (2)
the growing of biofilms, (3) the procedure of adding of tested
compounds, and (4) the evaluation of the post-anti-biofilm activity
of tested compounds.
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Fig. 1 Typical microplate map showing the arrangement of silicone sections. External wells are filled with
sterile water to prevent dehydration losses, especially for the preparation of mature biofilms. At the beginning
of the experiment, one silicone section is placed in each well drawn in black

3.4.1 Substrate 1. Prepare as many microplates as necessary (se¢ Notes 14-16).

Preparation 2. Add 200 pL of sterile water in all external wells; these wells are left
unchanged for the experiment duration (se¢ Note 25 and Fig. 1).

3. Cut calibrated silicone sections of 5 mm from a silicone tubing
using a scalpel and autoclave them (see Notes 26-28).

4. Put one calibrated section at the bottom of each well of the sec-
ond line of the microplate; avoid adding sections in the wells of
the outermost lines. A microplate map suggesting a useful
arrangement of silicone sections is shown in Fig. 1 (se¢ Note 29).

5. Add 200 pL of EBS to each well containing a silicone section.
Incubate microplates overnight (see Notes 17 and 30).

6. Microplates are incubated at 4 °C (overnight) or at room tem-
perature (1 h) (without shaking).

3.4.2  Development of 1. Remove FBS in each well using vacuum aspiration and wash
Biofilm them twice with 200 pL. of YNB-Glc (see Note 19).

2. Silicone sections are incubated in wells for 1 h at 37 °C (with-
out shaking) with 200 pL of the fungal suspension at
5x106 yeasts/mL.

3. Move each silicone section with adhered cells in a new well of
the microplate (use the third line of the microplate; Fig. 1)
without taking off medium; use pliers.

4. Add 250 pL of YNB-GIc to each well containing silicone sec-
tions with adhered cells.

5. Incubate for 2, 24, 48 h, or other times in YNB-Glc to obtain
biofilms with different stages of maturation.



3.4.3 Testing of Active
Compounds Against
Preformed Biofilms

3.4.4  Evaluation of the
Post-anti-biofilm Activity of
Tested Compounds

3.5 Quantification of
the Metabolic Activity
of Fungal Gells Within
Biofilms

3.5.1 Preparation of the
XTT-Menadione Solution

3.5.2  Colorimetric Assay:
Biofilms Formed on
Polystyrene Well Surfaces

1.

1.
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Add 50 pL of the studied compound at the tested concentration
to the ten wells with preformed biofilms of the third line of
the microplate; each condition must be replicated ten times
(see Note 31).

Incubate the preformed biofilms with the studied compound
for 2-24 h (see Notes 32 and 33).

To evaluate the post-anti-biofilm effect of'a compound, move
(using pliers) each section with a treated biofilm to corre-
sponding well on the line below (line 4 of the microplate) and
incubate it with 250 pL of YNB-Glc (without adding the stud-
ied compound) for 24-72 h (see Note 34).

The anti-biofilm effects are monitored using a metabolic assay. The
principle is based upon the reduction of XTT tetrazolium salt to
tetrazolium formazan, colored product, by mitochondrially active
yeasts in the presence of an electron-coupling agent, menadione.
This product can be measured spectrophotometrically.

Described here are the steps for the preparation of the XTT-

menadione solution and then the colorimetric assay on both poly-
styrene and silicone surfaces.

1.

Prepare XTT sodium salt powder as a 1 mg/mL saturated
stock solution in Ringer’s lactate (see Note 35).

. Filtrate the XTT stock solution using 0.22 pm syringe filter

(see Notes 36 and 37).

. Prepare small volume aliquots and store at -80 °C until use

(see Notes 38-41).

. Prepare menadione as a 10 mM solution in 100 % acetone (see

Note 42).

. Prepare small volume aliquots (see Notes 43 and 44).

6. Store at —80 °C until use (see Notes 45 and 46).

The working solution of XTT-Menadione corresponds to XTT

(300 mg/L)-menadione (0.13 mM) in PBS.

7.
8.

1.

2.

Defrost XTT and menadione aliquots.

To obtain the XTT-menadione working solution needed to
analyze 100 biofilm replicates, add in a tube the following:
600 pL of the filtered solution of XTT at 1 mg/mL plus 50 pL.
of menadione 10 mM plus 4.35 mL of PBS (see Note 47).

After incubation, remove carefully waste medium in each test
well using vacuum aspiration; the culture medium must be
totally removed (see Note 19).

Wash twice each well coated with adherent yeasts or biofilms
with 200 pL of sterile PBS (see Note 48).
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3.5.3 Colorimetric Assay:
Biofilms Formed on
Silicone Sections

3.6 Statistical
Analyses

3. Add 200 pL of PBS to each well containing adherent cells or
biofilms (see Note 49).

4. Add 50 pL of XTT-menadione solution extemporaneously pre-
pared to each well (tests and control wells) of the microplates.

5. Incubate the microplates in the dark (surrounded with alumi-
num foil) for 3 h at 37 °C without shaking.

6. After a short and gentle agitation, measure absorbance at
492 nm using the microplate reader. Absorbance at 492 nm
corresponds to the XTT formazan produced by XTT reduc-
tion and indicates the metabolic activity of Candida yeasts in
the biofilms (se¢ Notes 50-52).

1. After incubation, move the sections coated with biofilms (either
exposed or not exposed to the studied compound) in a new
well (using pliers), on the line below of the microplate (line 4,
without posttreatment effect investigation, or line 5, with post-
treatment effect investigation) (see Note 53). Add 200 puL of
PBS to each well containing sections coated with biofilm.

2. Add 50 pL. XTT-menadione solution extemporaneously prepared
to each well containing sections coated with biofilms (either
exposed or not exposed to the studied compound) (see Note 54 ).

3. Incubate the microplates in the dark (surrounded with alumi-
num foil) for 3 h at 37 °C without shaking.

4. After shaking the plates or mixing with a multichannel pipet
the solutions in the wells, remove 200 pL of the reaction
medium of each well and add it into the corresponding new
wells of the line below (wells of the line 5, without posttreat-
ment effect investigation, or line 6, with posttreatment effect
investigation) (see Note 55).

5. Measure absorbance at 492 nm using the microplate reader
(see Notes 50-52).

An analysis of variance (ANOVA) and a Schefte’s test are applied to
determine statistical differences between the groups (p<0.001)
(see Note 56).

The results can be transcribed in the form of graphs showing
the metabolic activity (absorbance at 492 nm) according to the
concentrations of tested compounds and controls. Results signifi-
cantly different from control are marked. Regarding experiments
with polystyrene surfaces, the anti-adherent activity of studied
compounds can be evaluated measuring the percentage of inhibi-
tion of the fungal adherence; the percentage of fungal adherence
inhibition is calculated as follows: inhibition (%)=100x
[ 1(As920m treated strain/ A4920m untreated strain) ] Where Agorny, is the absor-
bance measured at 492 nm. Decreases are calculated as the mean
inhibition for each Candida species.
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In the case of the experiment exposed in Subheading 3.5.2 and

Note 48, the percentages of adhesion may be calculated as follows:
92nm with treatment on sessile yeast inoculum, 92nm with treatment
100 x (mean Ay Y /mean A,

on total yeast inoculum)-

All experiments must be performed at least twice with at least

three replicates.

4 Notes

. For the first screening of an anti-biofilm active component, we

advise the use of C. albicans species; however, strains of other
Candida species can be studied, especially C. glabrata and C.
parapsilosis which are often incriminated in infections associ-
ated with catheters, both in adult and pediatric patients.

We advise to include both clinical and reference (such as
ATCC or IHEM) strains.

. We advise to use clinical strains originally isolated from an

infected catheter to evaluate anti-biofilm activity in a model
mimicking catheter-associated biofilm.

The volume of DMSO in each well should not exceed 2 % of
the total volume to avoid the observation of DMSO activity
on the cells.

For instance, this can be used for essential oils.

6. To make the organization easier, this incubation will start at

10.

11.

12.

about 18 h pm and finish at about 8 h am.

. This incubation step is without shaking to avoid the formation of

germ tubes in order to obtain mainly blastospores to mimic the
typical early adhesion phase occurring during biofilm formation;
however, if we expect to study the activity of a molecule pur-
posely against germ tube adhesion, shaking should be preferred.

We advise to use YNB-Glc instead of RPMI to mostly obtain
yeast forms and thus avoid hyphae formation.

PBS will be out of the fridge early enough to be used at room
temperature.

It is not essential that the centrifugation is made at exactly
25 °C; yeasts can be centrifuged at room temperature.

The Kova cells can be replaced by other hemocytometer such
as Malassez hemocytometer; we do not advise the use of
McFarland standard because of the variable size of yeasts
depending both on the species and the strains.

The yeast cell concentration is a key part of the experiment
and has been optimized in preliminary tests to form a mono-
layer covering the whole tested surface.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

The time between the yeasts preparation and their addition to
the tested substrate (polystyrene or silicone surfaces) should
be as quick as possible to avoid the modification of the mor-
phology of yeasts which may modify their adhesive behavior.

Microplates will be removed from the incubator for each
experimental step, so prepare as many culture plates that stud-
ied maturation times of biofilms. Multiple wells in plates with
replicate biofilms will be prepared for each condition to be
tested: each time point, each active molecule concentration
including negative controls, etc.

Some components, such as essential oils and terpenic derivatives,
are volatile. They must be tested in separate microplates to avoid
cross-activity between wells that could bias the screening results.

Also because of the volatile nature of some molecules, the
arrangement of the different tested concentrations of the stud-
ied volatile molecules will be cautious, only in decreasing
order, and sufficiently spaced apart.

The incubation can be shorter: 1 h incubation at 37 °C is
enough to obtain FBS coating onto the well surface.

EBS can be replaced by saliva (2 %) if we are interested in oral
biofilm instead of catheter-associated biofilm. Saliva may be pre-
pared as follows: nonstimulated saliva collected from 12 healthy
volunteers will be pooled, denatured with DTT (2.5 mmol /L),
shaken in the ice during 10 min, centrifuged for 20 min at
3,000x 4 and 4 °C, diluted in three volumes of distilled water
(25 %), and filtrated. This saliva stock solution will be aliquoted
and stored at -80 °C. Before the experiment, saliva will be
defrosted and diluted at 2 % in sterile distilled water.

The aspiration of the media from the well must be performed
carefully: angle the tip for vacuum aspiration on the corner of
the well. If vacuum pump is not available, a pipet (mono- or
multiple-channel) may be used.

This volume is retained when using DMSO as solvent for the
stock solution of the tested compound so that DMSO volume
does not exceed 2 % of the final volume.

In each line, one well is kept untreated as negative control:
column 12.

Each tested product occupies three lines in microplates.

If the tested compound is sensitive to light, the plates will be
surrounded by aluminum foil.

We advice the use of a multichannel pipet for this step.

Some of these experiments may last for several days resulting
in potential dehydration losses in wells, especially in the most
external wells of the microplates. All external wells of each



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.
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microplate are filled with 200 pL of sterile water to prevent
dehydration which may result in the non-immersion of some
silicone sections in wells and consequently disrupt the value of
the anti-biofilm tests.

Preparation and autoclaving steps of sections are time-consuming
and must be done before the starting day of the experiment.

Silicone sections can be put in a glass hemolyze tube to be
autoclaved (fill the tube with calibrated sections).

Silicone can be replaced with PMMA if the study focuses on
dental biofilms.

This microplate’s organization reduces the risk of handling
mistake and makes the experiment steps easier.

FBS must completely cover the silicone sections, both inside
(luminal part) and outside.

Testing a range of increasing or decreasing concentrations of
compound is possible, but it should be prepared in new
96-well microplates, and then 50 pL. of each concentration is
transferred to microplates containing biofilms.

The duration of the treatment will be chosen depending on the
mimicked model: we advise to treat for 24 h to mimic a systemic
therapy and for 2-12 h maximum to mimic a lock therapy.

To mimic a lock therapy approach, we advise to test com-
pound at concentrations in the range ot 100-1,000 x MIC.

The post-anti-biofilm effect may be useful to demonstrate the
remanence of the anti-biofilm activity.

XTT solution is light sensitive, so it should be covered with
aluminum foil during preparation, storage, and utilization.

0.45 pm syringe filter can also be used.

A yellow precipitate may be observed on the filter since it is a
saturated solution; however, this is normal and has no
consequence.

Volume in each aliquot must be chosen depending on the
number of biofilm replicates prepared in each experiment; for
example, in order to analyze 100 biofilm replicates by experi-
ment, we advise the preparation of aliquots of about 600 pL of
XTT filtrated stock solution.

XTT stock solution can be stored at —20 °C.

XTT must be prepared before the day of the beginning of the
experiment.

It is not recommended to store XTT longer than 1 year
because the activity of the reagent may decrease over time.

Menadione solution must be prepared in a glass tube because
acetone may attack plastic material.
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43.

44.

45.
46.

47.

438.

49.

50.

51.

52.

The preparation of small volume aliquots of menadione must
be fast to minimize acetone evaporation losses.

Volumes in each aliquot must be chosen depending on the
number of biofilm replicates prepared in each experiment, for
example, in order to analyze 100 biofilm replicates by experi-
ment, we advise the preparation of aliquots of 60 pL. of mena-
dione solution, and the exact needed volume for 100 biofilm
replicates is 50 pL. of menadione; however, we advise prepar-
ing 60 pL aliquots because acetone pipetting may be difficult
and a slightly larger volume in aliquots makes pipetting of the
requested volume easier. Besides the evaporation losses of the
acetone will be minimized by a slightly larger volume.

Menadione solution can be stored at -20 °C.

Menadione solution must be prepared before the day of the
beginning of the experiment.

The XTT-menadione working solution must be prepared
immediately before use and cannot be stored more than a few
hours surrounded with aluminum foil.

To study the activity of a molecule purposely on the adhesion
phase, only half of the wells will be washed at the end of the
adhesion step while the second half will not be washed: in this
way, the metabolic activities corresponding both to the overall
population (adherent plus not adherent yeasts; not washed
half) and the adherent population (washed half) can be mea-
sured and enable calculating percentages of adherence.
However, this cannot be achieved for colored tested com-
pounds since the color, which is not removed in the not
washed wells, disrupts the absorbance measurement. In the
experiment described in Subheading 3.3.1.2, the color com-
pounds are aspirated at the same time that FBS, so for colored
compounds, we advice to use this protocol.

At this stage, the biofilm can be observed under an inverted
microscope (with a 20 or 40x objectives) or may be visible to the
naked eye by looking at the underside of the plates. Images can
be captured if the microscope is fitted for image acquisition.

If the microplate reader is not able to measure absorbance at
492 nm, the metabolic activity can be evaluated as well by
absorbance at 450 nm.

The fungal metabolic activity results in the appearance in the
well of a pink to orange color depending on the intensity of
the activity. Thus, a visual inspection of the plates will suggest
a distinct efficacious cutoff concentration.

XTT-menadione assay has already demonstrated its relevance,
but it can be completed by other methods such as the crystal
violet method [19].
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53.

201

Moving the coupons allows to not take into account the

metabolic activity of any biofilm formed on the surface of

polystyrene wells.

54.

55.

Catheter sections must be totally immersed in the XTT-
menadione solution.

The presence of catheter sections in the wells disturbs the

measure of absorbance.

56.
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Chapter 14

Biofilm Matrix-Degrading Enzymes

Jeffrey B. Kaplan

Abstract

Polymeric substances such as proteins, polysaccharides, and DNA constitute a major component of the
biofilm matrix. Enzymes that depolymerize and degrade these components are useful tools for investigating
the composition and function of the biofilm matrix. This chapter provides a brief overview of the most com-
monly used biofilm matrix-degrading enzymes and presents examples of their applications in biofilm research.

Key words Biofilm, Extracellular DNA, Dispersin B, DNase, Matrix, PNAG, Proteinase K

1 Introduction

One of the defining features of bacterial biofilms is the synthesis
of an extracellular polymeric matrix. The biofilm matrix is a com-
plex microenvironment that contains proteins, polysaccharides,
DNA, RNA, lipids, dissolved nutrients, phages, and host-derived
substances [1]. High-molecular-weight components of the
matrix such as adhesive pili, capsular polysaccharides, and extra-
cellular DNA (eDNA) are known to mediate many basic biofilm
phenotypes including surface attachment, intercellular adhesion,
and biocide resistance [1, 2]. Enzymes that degrade biofilm
matrix components have been shown to inhibit biofilm forma-
tion and promote detachment of established biofilm colonies
[3-6]. Once the biofilm colony is enzymatically dispersed, the
bacterial cells become sensitive to killing by a variety of antimi-
crobial agents including antibiotics [7], detergents [ 8], disinfec-
tants [4], bacteriophages [9], macrophages [10], and predatory
bacteria [11]. Some biofilm matrix-degrading enzymes may be
useful agents for the treatment and prevention of biofilm-related
infections in clinical settings [4].

Biofilm matrix-degrading enzymes have been used exten-
sively as research tools to help identity the structural compo-
nents of the biofilm matrix [12] and to establish a role for the
matrix in cell-to-cell and cell-to-surface adhesion [ 13] and biocide
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resistance [14]. This chapter provides a brief overview of the
most commonly used biofilm matrix-degrading enzymes and
presents examples of their applications in biofilm research.

2 Materials

2.1 Deoxyribo-
nuclease |

2.2 Restriction
Endonucleases

2.3 Other
Deoxyribonucleases

2.4 Dispersin B

2.5 Other Glycoside
Hydrolases

Deoxyribonuclease I (DNase I) is a nuclease that cleaves single-
stranded and double-stranded DNA preferentially at phosphodiester
bonds adjacent to pyrimidine nucleotides [15]. It results in
5’-phosphorylated polynucleotides that are on average four nucle-
otides in length. Dozens of published studies have shown that
DNase I inhibits biofilm formation and disperses preformed bio-
films [4]. Most studies utilize bovine pancreatic DNase I obtained
from the Sigma Chemical Company (St. Louis, MO, USA). A more
highly purified form of the enzyme (recombinant human DNase I;
Pulmozyme®) is available from Genentech (South San Francisco,
CA, USA) (see Note 1).

Restriction endonucleases are bacterial enzymes that cleave
DNA at or near specific recognition sequences. They result in
5’-phosphorylated polynucleotides, the average length of which
varies depending on the frequency of the enzyme recognition
sequence in the target DNA. Highly purified restriction endo-
nucleases are available from several suppliers including New
England Biolabs (Ipswich, MA, USA), Lifte Technologies
(Grand Island, NY, USA), and Roche Applied Science
(Indianapolis, IN, USA).

Other deoxyribonucleases that have been used in biofilm research
include  Staphylococcus aurens thermonuclease, recombinant
Bacillus licheniformis extracellular nuclease NucB [16], and puri-
fied human DNaselL.2 [17].

Dispersin B is a 42-kDa bacterial glycoside hydrolase that depoly-
merizes poly- N-acetylglucosamine (PNAG) surface polysaccharide
[18]. PNAG is produced by many bacteria and fungi (se¢ Note 2).
PNAG plays a role in surface attachment, biofilm formation, anti-
microbial resistance, and immune evasion [4]. Recombinant dis-
persin B (598 % pure) is available from Kane Biotech, Inc.
(Winnipeg, Manitoba, Canada) (se¢ Note 3).

Other commercially available glycoside hydrolases that have been
used in biofilm research include bacterial alginate lyase [19];
amylases produced by Aspergillus oryzae, B. subtilis, sweet potato,
and human [11]; and bacterial cellulases and N-glycanases [20-22]
(see Note 4).
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Proteases are potent antibiofilm enzymes because they degrade
proteinaceous adhesins such as pili, fimbriae, and surface adhesins
that are required for bacterial cell-to-cell and cell-to-surface inter-
actions. Subtilisins, a group of serine proteases produced by
Bacillus spp., are commonly used to control biofilms in industry
[23]. Other proteases such as proteinase K, trypsin, and serratio-
peptidase (a metalloprotease produced by Serratia marcescens) are
commonly used in biofilm research. Proteases are available from
many commercial suppliers including Sigma Chemical Company,
Life Technologies, IBI Scientific (Peosta, IA, USA), and Takeda
(Osaka, Japan) (see Note 5).

3 Methods

3.1 Identifying
Biofilm Matrix
Gomponents

Matrix-degrading enzymes have been utilized in both static and
flow-cell biofilm cultures. Two procedures are used to measure the
effects of enzymes on static cultures. In the first procedure,
enzymes are added to the culture at the time of inoculation.
Control cultures receive no enzyme. After incubation, biofilm is
quantitated by staining or microscopy. In the second procedure,
biofilms are cultured in the absence of enzymes, rinsed to remove
loosely adherent cells, and then treated with enzymes, usually for a
relatively short period of time. Control cultures are treated with
enzyme buffer alone. Following enzyme treatment, biofilm is
quantitated by staining or microscopy. For flow-cell cultures, bio-
films are usually seeded in enzyme-free broth and then perfused
with either enzyme-free or enzyme-supplemented broth.
Alternatively, biofilms are seeded and perfused with enzyme-tree
broth and then switched to enzyme-supplemented broth after a
mature biofilm has formed [24]. Biofilms cultured in flow cells are
usually visualized by microscopy. The following sections present
examples of research protocols utilizing biofilm matrix-degrading
enzymes in static cultures. All of these protocols can readily be
modified for use with other biofilm bacteria simply by substituting
the appropriate medium and culture conditions (sec Note 6).

The following example illustrates how biofilm matrix-degrading
enzymes can be used to identify structural and adhesive matrix
components in biofilms of the Gram-negative periodontal patho-
gen Aggregatibacter actinomycetemcomitans [ 14]:

1. Culture bacteria in a I-ml volume in 16-mmx100-mm polysty-
rene test tubes using previously established culture conditions that
promote biofilm formation. Incubate tubes at 37 °C for 24 h.

2. Decant supernatants and rinse biofilms twice with phosphate
buffered saline (PBS).
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Fig. 1 Detachment of preformed A. actinomycetemcomitans strain CU1000 biofilms cultured in polystyrene
tubes. Tubes were stained with crystal violet and photographed from the bottom. The top row shows 24-h-old
biofilms that were treated for 30 min with 100 pg/ml of bovine DNase I, 100 pg/ml of proteinase K, 50 mM
EDTA, or 1 % SDS (or the appropriate vehicle alone as a control) prior to staining. The bottom row shows bio-
films pretreated with 10 pg/ml of dispersin B for 30 min prior to the enzyme and chemical treatments

3.2 Estimating the
Size of eDNA in the
Biofilm Matrix

3. Fill tubes with 1 ml of 10 pg/ml dispersin B in PBS. Fill control
tubes with PBS alone. Incubate tubes at 30 °C for 30 min.

4. Decant supernatants and rinse biofilms twice with PBS.

5. Fill tubes with 1 ml of 100 pg/ml bovine DNase I in 40 mM
Tris [pH 8.0], 1 mM CaCl,, 10 mM MgCl,; 100 pg/ml pro-
teinase Kin 50 mM Tris [pH 8.0]; 50 mM EDTA [pH 8.0]; or
1 % SDS in water. Fill control tubes with the corresponding
buffer or water alone. Incubate tubes at 30 °C for 30 min.

6. Decant supernatants and rinse biofilms twice with PBS.

7. Stain biofilms with crystal violet.

Figure 1 shows that dispersin B alone did not detach the
biofilms and even resulted in a slight increase in crystal violet
binding. This may result from a thinning and weakening of the
biofilm matrix which enables more crystal violet dye to enter
the biofilm. DNase I and proteinase K did not detach mock-
treated biofilms but efficiently detached biofilms pretreated
with dispersin B. These results suggest that e DNA, PNAG, and
proteinaceous adhesins all contribute the stability of the A. acti-
nomycetemcomitans biofilm matrix and that these three poly-
meric matrix components interact with one other. EDTA
efficiently detached dispersin B-treated biofilms but not mock-
treated biofilms, suggesting that divalent cations also contribute
to matrix stability. Dispersin B sensitized A. actinomycetemcomi-
tans biofilms to detachment by SDS, a detergent that denatures
proteins, which supports the hypothesis that PNAG interacts
with proteinaceous adhesins [14].

Numerous studies have shown that eDNA functions as a biofilm
matrix adhesin in many bacterial biofilms [4]. Although several
studies have demonstrated that ¢eDNA consists primarily of
genomic DNA released by lysed cells, few studies have investigated
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the structure of eDNA in the matrix. The following protocol
demonstrates how restriction endonucleases can be used to esti-
mate the size of eDNA fragments in the biofilm matrix of S. aureus
strain SH1000 [12]:

1. Culture bacteria in a 200-pl volume in 96-well microtiter plates
under conditions that promote biofilm formation.

2. Aspirate broth and rinse wells twice with PBS.

3. Fill wells with restriction endonuclease buffer (10 mM Tris
[pH 7.9], 10 mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol)
containing 100 U/ml of restriction endonuclease. Control
wells are filled with enzyme buffer alone. Use approximately 10
different restriction endonucleases that yield digestion products
of various lengths ranging from ca. 0.4 to 40 kb (se¢ Note 7).
Incubate the plate at 37 °C for 1 h.

4. Rinse biofilms twice with PBS.
5. Quantitate biofilm using crystal violet staining.

6. Calculate percent biofilm detachment (1 — Asosjputter+ enzyme)/ Asos
[buffer alone] X 100) for each enzyme. Graph percent biofilm detach-
ment versus average restriction fragment size (size of genome in
bp/number of enzyme recognition sequences).

Figure 2 shows the results from the restriction endonuclease
detachment assay. The amount of biofilm detachment depended
on the frequency of the enzyme recognition sequence in the S.
anrens genome. Enzymes that produced restriction fragments with
an average size of <10 kb caused efficient detachment, whereas
enzymes that produced restriction fragments with an average size
of 11-24 kb caused partial detachment. These findings suggest
that the fraction of S. aurens e DNA that mediates intercellular
adhesion is composed primarily of genomic DNA and that eDNA
fragments >11 kb can function as intercellular adhesins.

Several studies have shown that DNases can sensitize biofilm cells
to killing by antibiotics, antiseptics, and disinfectants [4]. The fol-
lowing protocol illustrates the use of DNase I to demonstrate that
eDNA protects planktonic cells from killing by the antimicrobial
enzyme lysostaphin (see Note 8). This protocol was carried out
using S. aureus strain SH1000:

1. Spread a 100-pl aliquot of an overnight broth culture (>108 CFU)
onto a blood agar plate and incubate at 37 °C for 24 h.

2. Scrape the cell paste from the agar using a plastic inoculating
loop or cell scraper and transfer the cells to a tube containing
3 ml of PBS supplemented with 2 mM CaCl,.

3. Resuspend the cells by vortex agitation and adjust the Agso value
to approximately 1.5.
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Fig. 2 Detachment of S. aureus strain SH1000 biofilms by restriction endonucle-
ases. S. aureus strain SH1000 biofilms grown in microtiter plates were treated
for 1 h with 100 U/ml of various restriction endonucleases and then rinsed and
stained with crystal violet. Percent detachment was calculated as 1 — (Asgsgpufter +
enzymey/ Asospoutier aioneg) X 100. Values show means and ranges for duplicate wells.
The restriction endonucleases used (and average restriction fragment lengths in
kb) were Hinfl (0.4), Fokl (1.0), Haelll (2.1), AlwNI (5.1), ApaLl (7.8), Ncol (11.8),
Kpnl (16.2), Aval (17.9), BamHI (23.9), and Sstl (41.5)

4. Transter 500-pl aliquots of cells into four 1.5-ml microcentri-
fuge tubes.

5. Add 5 pl of 1 mg/ml Pulmozyme® to the first tube, 5 pl of
1 mg/ml lysostaphin to the second tube, and 5 pl of 1 mg/ml
Pulmozyme® and 5 pl of 1 mg/ml lysostaphin to the third tube.
The fourth tube receives no enzymes and serves as a negative
control. Mix tubes briefly by vortex agitation (see Note 9).

6. Transfer 200-pl aliquots from each tube to two wells of a flat-
bottom polystyrene microtiter plate.

7. Measure the Agso of the wells every 30 min for 5 h.

8. Graph average Agso values versus time for each experimental
condition.

Lysostaphin is a 27 kDa endopeptidase that cleaves the cross-
linking pentaglycine bridges in staphylococcal cell walls [25].
Lysostaphin treatment causes cell lysis and a concomitant decrease
in the turbidity of the culture.

Figure 3 shows that Pulmozyme® alone did not cause lysis of S.
aunreus cells, whereas lysostaphin cause a nearly linear decrease in
the turbidity of the culture over time. Cultures treated with a com-
bination of Pulmozyme® and lysostaphin exhibited more rapid cell
lysis than cultures treated with lysostaphin alone, suggesting that
e¢DNA protects planktonic cells or small clusters of cells from lysis
and killing by lysostaphin.
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Fig. 3 Killing of S. aureus strain SH1000 planktonic cells by lysostaphin. Cell
suspensions were treated with Pulmozyme® (10 pg/ml), lysostaphin (10 pg/ml),
or Pulmozyme® + lysostaphin (10 ug/ml each), and the Ags, of the suspension
was measured after increasing amounts of time. Cell lysis caused by lysostaphin
results in a decrease in the turbidity of the cell suspension

It is often necessary to purify eDNA from the biofilm matrix in
order to investigate its structure and composition. However, a
large portion of eDNA may be bound to polysaccharides and pro-
teins in the matrix, reducing the yield from conventional extraction
procedures. The following example illustrates how pretreating bio-
films with N-glycanase, dispersin B, and proteinase K can increase
the yield of eDNA. This example was carried out using biofilms of
Acinetobacter sp. strain AC811 [22]:

1. Dilute an overnight culture 1:100 in fresh LB broth and trans-
fer 3-ml aliquots to the wells of a 6-well polystyrene microtiter
plate. Incubate at room temperature for 4 days.

2. Rinse biofilms twice with PBS.

3. Harvest biofilm cells by scraping into 1 ml of PBS. Pool cells
from multiple wells.

4. Homogenize cells using a tissue homogenizer.

5. Supplement cell suspensions with 1/100 vol of 1 mg/ml
N-glycanase, 2 mg,/ml dispersin B, or 0.5 mg,/ml proteinase K.
Incubate at 37 °C for 30 min. For combinations of enzymes,
treat cells with N-glycanase or dispersin B (or both) at 37 °C for
30 min, followed by treatment with proteinase K at 37 °C for
another 30 min.

6. Filter cells through a 0.2-pm pore size filter.

7. Purify eDNA by cetyltrimethylammonium bromide (CTAB)
precipitation or other suitable method.
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Fig. 4 Biofilm formation by S. aureus strain SH1000 in polystyrene microtiter plate wells in the presence of

increasing concentrations of
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Pretreatment of Acinetobactersp. biofilm cells with N-glycanase,
dispersin B, or proteinase K increased the yield of e DNA by >30-
fold when compared to the yield obtained with the control treat-
ment [22]. Matrix-degrading enzymes are superior to conventional
methods for eDNA extraction (EDTA, SDS, NaOH) because they
do not cause cell lysis.

Proteases such as proteinase K are often efficient biofilm dispersing
agents. This protocol measures the eftect of proteinase K on bio-
film formation by S. aureus strain SH1000:

1. Prepare a 5 mg/ml solution of proteinase Kin sterile water. Make
six serial twofold dilutions of the solution, yielding 2.5, 1.25,
0.63,0.31, 0.16, and 0.08 mg,/ml proteinase K solutions.

2. Transfer a loopful of cells from a 18-h-old blood agar plate to a
microcentrifuge tube containing 200 pl of sterile Tryptic soy broth.

3. Disperse cells by vortex agitation and adjust the Aqso of the cell
suspension to 1.0.

4. Dilute cells to 10>-10° CFU/ml (ca. 1:100,000) in fresh TSB.

5. Transfer 180-pl aliquots of cells to the wells of'a 96-well microti-
ter plate.

6. Supplement wells with 20 pl of each of the seven proteinase K
solutions, or 20 pl of water as a control. Incubate the plate at
37 °C for 18 h.

7. Visualize biofilm colonies by light microscopy.

Figure 4 shows micrographs of S. aureus biofilm colonies cul-
tured in the presence of increasing concentrations of proteinase K.
Cells cultured in the absence of enzyme formed characteristic
1-mm-diam hemispherical colonies on the bottom of the well. The
addition of 8 pg,/ml proteinase K significantly inhibited the forma-
tion of biofilm colonies (see Note 10). Instead, the cells formed a
thin film on the bottom surface of the well which was readily
detached from the well by gentle rinsing. In contrast, cells cultured
in the presence of higher concentrations of proteinase K (125-
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500 pg/ml) produced biofilm colonies that were more compact
than those produced by cells cultured in the absence of enzyme.
Thus, the effect of proteinase K on biofilm development is highly
dependent on the enzyme concentration.

4 Notes

1. Recombinant versions of bovine DNase I are also available from
several suppliers including Life Technologies, Worthington
Biochemical Corp. (Lakewood, NJ, USA), Fermentas (Thermo
Fisher Scientific), and Roche Applied Science. Lyophilized
forms of DNase I should be dissolved in water, aliquoted, and
stored at =20 °C. Avoid repeated freezing and thawing.

2. In addition to the PNAG-producing bacteria that have already
been identified [4 ], PNAG was recently shown to be produced
by many bacteria that lack identifiable PNAG biosynthetic genes
including Streptococcus pyogenes, S. pnewmonine, Listeria mono-
cytogenes, Neisseria meningitidis, N. gonorrhoeae, non-typeable
Haemophilus influenzae serogroup B, and by many FUNGI [26].

3. Dissolve dispersin B at 1-2 mg/ml in 50 mM sodium phos-
phate buftfer (pH 5.8), 100 mM NaCl, 50 % glycerol. Store at
-20 °C. Under these conditions the enzyme is stable for more
than 1 year. Dispersin B is active in both PBS and broth. The
working concentration should be 0.5-50 pg/ml. Although
the optimal temperature for dispersin B is 30 °C, and the opti-
mum pH is 5.0, the enzyme is active over a broader range of
temperature and pH values. The half-life is >3 h at 37 °C.

4. Some commercially available native glycoside hydrolase
enzymes are not highly purified and may be contaminated with
DNases, proteases, or other enzymes. Check for DNase activity
by treating bacterial genomic DNA with glycoside hydrolase
enzyme in buffer containing 1 mM CaCl, and 10 mM MgClL,.
Monitor DNA degradation by agarose gel electrophoresis. To
confirm that the antibiofilm activity of a commercial glycoside
hydrolase preparation is not due to residual protease activity,
assays can be carried out in the presence of protease inhibitors
[11]. Use analytical grade, molecular biology grade, or recom-
binant enzymes whenever possible.

5. Proteinase K is stable for several months when dissolved in
water at 1 mg/ml and stored at 4 °C. Biofilms produced by
some bacteria are resistant to detachment by proteinase K
even when tested at high concentrations [27].

6. Enzymes should be tested at a range of concentrations from
1 ng/ml to 1 mg/ml, if possible. Some biofilm matrix-
degrading enzymes are capable of inhibiting or dispersing
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biofilms in microtiter plate assays at low concentrations. For
example, Pulmozyme® efficiently inhibits biofilm formation
by S. aurens at 4 ng/ml and detaches preformed S. aureus
biofilms in 4 min at 1 pg/ml [7]. Similarly, dispersin B effi-
ciently detaches S. epidermidis biofilms in 6 min at 1 pg/ml
[28] and detaches Actinobacillus plenropnenmonine biofilms
in 10 min at 20 pg/ml [29]. This property can be used to
rapidly detach biofilms from microtiter plate wells prior to
CFU enumeration [30].

7. New England Biolabs offers over 200 restriction endonucle-
ases that are active in a single buffer (CutSmart™).

8. Other antimicrobial enzymes include lysozyme, bacteriophage
lysins, oxidative enzymes, and quorum-quenching enzymes [25].
9. Recombinant human DNase I (Pulmozyme®) may be a much
more potent antibiofilm agent than native bovine pancreatic
DNase I. Pulmozyme® at 1 pg/ml detached S. aurens strain
SH1000 biofilm in 4 min [7], whereas native bovine pancre-

atic DNase I at 100 pg/ml resulted in only partial detachment
of SH1000 biofilms after 1 h [12].

10. Although biofilm matrix-degrading enzymes generally do not
kill bacteria or inhibit their growth, the growth rate of bacteria
in the presence and absence of enzyme should be measured to
confirm that an observed reduction in biofilm formation in
the presence of enzyme is due to biofilm inhibition and not to
growth inhibition.
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Chapter 15

Efficacy Evaluation of Antimicrobial Drug-Releasing
Polymer Matrices

lolanda Francolini, Antonella Piozzi, and Gianfranco Donelli

Abstract

To assay in vitro antimicrobial activity of substances such as antibiotics or antiseptics, standard methods
both in liquid and on solid media are available. These procedures cannot be adequate for testing
antimicrobial-releasing or biocidal polymer systems.

This chapter is focused on the description of methods that the authors have developed to evaluate the
antimicrobial activity of either antimicrobial agent-releasing polymers or biocidal polymers. These assays
can be applied to different types of water-soluble or insoluble polymer matrices.

Key words Polymer antimicrobial activity, Antimicrobial-releasing polymers, Biocidal polymers,
Microbial biofilm, Polymer surface-related infections

1 Introduction

Microbial contamination is a serious issue afflicting several applica-
tive areas. In the food industry, bacterial adhesion to food products
or product contact surfaces leads to important hygienic problems
and economic losses due to food spoilage [1]. Biofilm formation
on the surface of the pipe walls of drinking water distribution sys-
tems can be responsible for the decrease of water quality in terms
of increasing bacterial levels, reduction of dissolved oxygen, and
taste and odor change [2]. In the biomedical field, microbial bio-
films are recognized to play a pivotal role in healthcare-associated
infections (HAIs), especially those associated to implantable medi-
cal devices such as intravascular catheters, urinary catheters, and
orthopedic implants [3].

The materials commonly used to package foods, to build
drinking water pipes, or to manufacture medical devices are in
majority polymers. Therefore, prevention or control bacterial colo-
nization on these materials is an important challenge of current
research.

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_15, © Springer Science+Business Media New York 2014

215



216

lolanda Francolini et al.

Today, the development of antifouling or antimicrobial
surfaces is considered as the best approach to prevent biofilm
formation.

Antifouling surfaces are usually obtained by polymeric hydro-
philic coatings (such as PEG) able to hamper microbial adhesion
being the microbial surfaces hydrophobic. On the contrary, anti-
microbial polymers can be developed either by impregnation with
antibiotics or disinfectants or by providing polymers with function-
alities exerting antimicrobial activity.

In the first class, the polymer acts as a carrier for one or more
antimicrobial agent that once released from the polymer exerts its
action (antimicrobial agent-releasing polymers).

Antibiotics, antiseptics, or heavy metals can be applied to the
polymer by (a) physical adsorption [4-6], (b) entrapment into the
polymer matrix [7-9], (¢) complexation [10-12], or (d) conjuga-
tion [13]. In this latter case, the drug must be bound to the poly-
mer via a hydrolytically labile linkage to allow its releasing in the
surrounding environment.

Bactericidal functionalities such as quaternary amine com-
pounds or phosphonium salts are instead possessed by intrinsi-
cally antimicrobial polymers (biocidal polymers) [14]. These
polymers are “contact killing” since they are able to exert the
killing action when microorganisms contact the surface. The
main advantage of biocidal polymers is that, since they do not
release antimicrobial substances, they do not exhaust their activ-
ity, at least in principle.

To assay in vitro antimicrobial activity of substances such as
antibiotics or antiseptics, methods both in liquid and on solid
media have been developed. The in-liquid medium assay allows
determination of minimum inhibitory concentration (MIC).
Instead, the test performed on solid media permits the evalua-
tion of inhibition zone around a filter paper impregnated with
the antimicrobial substance. The main requirement for the anti-
microbial agent to be tested is its solubility in water and diffu-
sion on the agar plate. These standardized procedures cannot
be adequate for testing antimicrobial-releasing or biocidal poly-
mer systems.

This chapter is focused on the description of methods to evalu-
ate antimicrobial activity of either antimicrobial agent-releasing
polymers or biocidal polymers. Particularly, standard microbiologi-
cal assays have been properly adapted to test polymer systems.
Besides polymer ability to release antimicrobial agents, also the
solubility properties of the polymer must be taken into consider-
ation before performing each test. In fact, some of the described
assays are specific for water-soluble polymers and others for poly-
mers insoluble in aqueous solution.



Antimicrobial-Releasing Polymer Matrices 217

2 Materials

O 0 NN O

18.
19.

20.
21.

. Ringer’s solution: 112 mM NaCl, 6 mM KCl, 2 mM CaCl,,

1 M NaHCO;.

. Phosphate buffer: 10 mM Na,HPO,, 1.8 mM KH,PO,,

2.7 mM KCI, 137 mM NacCl. If necessary, adjust the pH to 7.4
with NaOH.

. 0.05 M sodium cacodylate buffer (Na(CH3;),AsO,x3H,0,

pH=7): Prepare a 0.2 M stock solution of sodium cacodylate
in water (4.28 g/100 mL). Add the 12.6 mL of 0.2 M HCI
per 100 mL cacodylate stock solution, followed by the addi-
tion of water to a final volume of 400 mL.

. 0.5 McFarland standard: to prepare a BaSO, suspension, add

a 0.5 mL aliquot of 0.048 mol/L BaCl, (1.2 % w/v
BaCl, x2H,0) to 99.5 mL of 0.18 mol/L (0.36 N) H,SO,
(1 % v/v) with constant stirring to maintain a suspension.
Measure the optical density of the turbidity standard using a
spectrophotometer. Add a 5 mL aliquot into screw-capped
glass tubes. The tubes should have the same size as those for
preparing the bacterial suspension for inoculation. Store in
the dark at room temperature.

. Tetrahydrofuran, ACS reagent (high-quality chemical for labo-

ratory use), >99 %.

. Acetone, ACS reagent, >99.5 %.

. Ethanol, ACS reagent, >99.5 %.

. Glutaraldehyde solution 50 wt% in water.

. Hexamethyldisilazane, reagent grade, >99 %.
10.
. LIVE/DEAD® BacLight™ Bacterial Viability Kit.
12.
13.
14.
15.
16.
17.

D-(+)-Glucose, ACS reagent.

Round-shaped Teflon plates, 2 cm in diameter.
13x 100 mm test tubes.

24-wells polystyrene microtiter plates.

Petri plates, 87 mm diameter and 15 mm height.
Mueller-Hinton (MH) agar.

Biofilm-producing Staphylococcus epidermidis strain (ATCC
35984).

Biofilm-producing Staphylococcus aureus strain (10850).

Green fluorescent protein (GFP)-producing P aeruginosa
PAOL1 strain carrying plasmid pMF230 Ca" strain carrying a
plasmid to produce 1945GFPuvr.

Incubator at 37 °C.

UV-VIS spectrophotometer.



218 lolanda Francolini et al.

22.
23.

24.

Confocal Laser Scanning Microscope.

Rotary-pumped sputter coater (e.g., Quorum Technologies
Ltd) suitable for non-oxidizing metals, such as gold (Au) and
platinum (Pt).

Scanning electron microscope.

3 Methods

3.1 Polymers
Insoluble in Waters

3.1.1  Preparation of
Polymer Disks by Solvent
Casting

3.1.2  Disk Diffusion
Test (See Note 2)

The assays described below are suitable for several types of polymers
including polyurethanes, silicones, Dacron®, and Teflon®. The
tests reported in Subheadings 3.1.2 and 3.1.3 can be performed
only on antimicrobial agent-releasing polymer matrices. On the
contrary, the test reported in Subheading 3.1.4 is suitable for both
biocidal and antimicrobial agent-releasing polymers.

1.

Prepare a polymer solution at a 5 % wt/v. concentration in a
low boiling point solvent, for example, tetrahydrofuran or
acetone.

. Pipet approximately 3 mL of solution in a round-shaped Teflon

plate (2 cm in diameter).

. Evaporate the solvent under vacuum at 30 °C.

. To obtain a suitable polymer thickness (approximately

100 pm), repeat all the procedure for three times.

. Detach the polymer disk by using metal tweezers and store it

at 4 °C in plastic vessels (see Note 1). Sterilize the polymer by
keeping it under the UV lamp in a laminar flow hood for
15 min.

. Pour 20 mL of Mueller-Hinton (MH) agar into a Petri plate

(87 mm diameter, 15 mm height) and allow the plate to set at
room temperature.

. To inoculate bacteria in the agar plate, use the streaking

method [15]. Particularly, after overnight bacterial growth in
broth, adjust the optical density (550 nm) at 0.125
(1x10° CFU/mL).

. Dip a sterile cotton swab into the prepared bacterial suspen-

sion and remove excess fluid by pressing and rotating the swab
against the wall of the tube above the fluid level.

. Streak the inoculum evenly in three planes onto the surface of

the agar. Roll the swab around the edge of the plate.

. By using sterile tweezers, place the polymer disks (maximum

four samples per plate) on the plate and gently press down to
ensure contact.
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3.1.4  Evaluation
of Microbial Adhesion
to the Polymer
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. Incubate the plate overnight at 37 °C.
. The following day, record the inhibition zone (se¢ Note 3).
. To evaluate the durability of antimicrobial activity of the poly-

mer matrix, repeat the test at 24 h intervals, by transferring the
polymer disk to a freshly prepared plate, until the inhibition of
bacterial growth is no longer noticed.

. Fill three tubes (tubes 1, 2, and 3) with 2 mL of a bacterial

culture, grown overnight in MH supplemented with 1 % (w/V)
glucose, adjusted at 0.125 OD at 550 nm (A4,).

2. Use sterile 13x 100 mm test tubes to conduct the test.

. Use tube 1 as reference (control), while immerse the bare poly-

mer disk into tube 2 and the antibiotic-impregnated polymer
disk into tube 3 (see Note 4).

4. Incubate the control and the two test tubes overnight at 37 °C.

. Following incubation, check the absorbance of each solution

at 550 nm. Use clear broth as a blank. To assess durability of
polymer antimicrobial activity, repeat the test daily by transfer-
ring the polymer disk to a freshly prepared broth until the
absorbance value of the solution in the test tube (A wpe) 18
comparable to the control (Anro)- In fact, since the amount
of adsorbed light depends on bacterial cell concentration, an
absorbance value of the test tube lower than the control indi-
cates the activity of the sample. When the two absorbances are
similar, the polymer sample is no longer able to inhibit bacte-
rial growth.

. The percentage of killing effect (KE) at each day of experiment

can be defined as follow:

A _
KE = {1 - [éA"H x100
Awntrul - AO

. By reporting KE versus time, different trends can be obtained

mainly depending on the drug release rate (see Note 5).
In Fig. 1 some of the possible trends are displayed.

. To obtain massive exopolysaccharide production [16], use a

bacterial culture, grown overnight in MH supplemented with
1 % (w/v) glucose, adjusted at 0.125 OD (1x10® CFU/mL).

. Fill two test tubes (tubes 1 and 2) with 2 mL of this diluted

culture and use tube 1 as control and tube 2 to immerse the
polymer sample to be tested.

. Following overnight incubation at 37 °C, collect the polymer

and wash it twice with Ringer’s solution to remove loosely
adherent bacteria (see Note 6).
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3.1.5 Assessment
of Antibiofilm Activity

120

—— Sample 1
100 - ----qg —e— Sample 2
' --8--Sample 3
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40
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time (days)

Fig. 1 Possible trends of the killing effect (KE) of polymer samples in broth

. Insert the polymer sample into a tube containing 10 mL of

Ringer’s solution and sonicate for 5 min to detach the biofilm
from the polymer surface.

. Perform five serial dilutions by taking 0.5 mL aliquots from the

solution in contact with the polymer (after vortexing for 10 s)
and adding 4.5 mL of Ringer’s solution.

. Place three 10 pL aliquots of each dilution onto MH agar

plates.

. Allow the drops to dry at room temperature before inverting

the plates for incubation.

. Incubate the plates at 37 °C and after 18-22 h, count the col-

ony in the first dilution in which they are well separated.

. Considering the dilution factor and the surface area of the

polymer disk, calculate the number of colony-forming units
per polymer surface (CFUs/cm?).

To assess the biofilm growth on polymer samples, different
microscopy imaging techniques can be employed including
scanning electron microscopy (SEM), fluorescence microscopy
(FM), and confocal laser scanning microscopy (CLSM).

1. Incubate polymer disks in 24-well polystyrene microtiter plates

containing 1 mL of bacterial culture grown in broth supple-
mented with 1 % glucose and adjusted to 0.125 OD.

2. After 24 h incubation at 37 °C, wash the polymers twice with

phosphate buffer and collect them.

3. For SEM observations, perform bacterial fixation by putting in

contact the polymer disk with 2.5 % glutaraldehyde in 0.05 M
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Fig. 2 SEM micrographs showing a polyurethane surface without colonization (a), with initial bacterial adhesion
(b), and with a mature biofilm (c)

sodium cacodylate buffer (pH 7.4) at room temperature for
30 min. Wash the samples twice with cacodylate buffer,
immerge them before in graded ethanol series (ethanol /water
30,70, 50/50, 70,30, 90,/10, 100) for 15 min and then in
hexamethyldisilazane for 30 s (se¢ Note 7). In Fig. 2, SEM
micrographs showing a polyurethane surface without coloni-
zation (a), with initial bacterial adhesion (b), and with a mature
biofilm (c) are reported.

4. For FM or CLSM observations, use a GFP strain or stain the
biofilm with fluorescent probes. By employing the GFP strains
reported in Subheading 2, the 488 nm excitation laser of
CLSM microscope must be used. An image of GFP-expressing
P. aeruginosa biofilm grown on the surface of a polyurethane
disk as an example is reported in Fig. 3. When a GFP strain is
not used, the staining procedure can be performed with the
LIVE /DEAD viability kit, by putting in contact a polymer disk
with 1 mL of a staining solution containing both SYTO 9
(green) and propidium iodide (red) in a 1:1 M ratio. After
15 min incubation at room temperature in the dark, the resid-
ual stain can be rinsed off by the Ringer’s solution (se¢ Note 8).
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75 um

Fig. 3 CLSM image of GFP-expressing P, aeruginosa biofilm grown on the surface
of a polyurethane disk

Fig. 4 CLSM image of S. aureus biofilm grown on the surface of a polyurethane
disk after staining with LIVE/DEAD kit

In Fig. 4, CLSM image of S. aureus biofilm grown on the
surface of a polyurethane disk after staining with LIVE /DEAD
bacterial viability kit is reported. A biofilm-producing strain
(10850) was used [17]. The image was taken by using the
488 nm excitation laser with a 488 /568 nm /633 nm dichroic
mirror. A band filter allowing wavelengths of 525-550 nm to
pass to the first detector was used for the SYTO 9 stain. A long
pass filter of 645 nm was used for imaging the propidium
iodide stain.



3.2 Water-Soluble
Polymers

3.2.1 MIC Determination
by Broth Dilution Method
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Water-soluble antimicrobial polymers are gaining increasing
interest since they could be considered as an alternative to existing
biocides or even to antibiotics. Indeed, they could be used as food
preservatives, agents for water sterilization, or fiber additives in
healthcare and hygienic applications. Advantages of using
antimicrobial polymers in place of low molecular weight compounds
are the reduced toxicity, higher efficiency, and prolonged lifetime.

1.

The standard broth dilution method [18] can be adapted to
polymers to determine the minimum inhibitory concentration.
(see Note 9).

. Prepare a bacterial inoculum at 1x10° CFU/mL with an

optical density of 0.05 at 550 nm.

. Add 1 mL of the inoculum to each test tube containing differ-

ent concentrations of polymer solutions (1 mL). This will bring
the final inoculum concentration to 5x10° CFU/mL. Use a
control tube containing broth without antimicrobial agent.

4. Incubate the control and test tubes at 35 °C for 24 h.

. Compare the amount of bacterial growth in the test tubes with

that one in the control tube.

. Identify the MIC as the lowest concentration of antimicrobial

agent able to inhibit bacterial growth in the test tube by check-
ing the absorbance at 550 nm of the control and test tubes.

4 Notes

. The choice of the solvent to prepare polymer solution is not

critical. However, avoid the use of solvent mixture that pos-
sessing different boiling points can impair homogeneity of the
polymer disk. To store the polymer samples, plastic vessels are
recommended in place of glass containers since some polymers
can adhere strongly to glass.

. The disk diffusion test can be performed only on polymer

matrices releasing antimicrobial agents. In fact, as well known,
this assay is routinely employed in microbiology laboratories
for testing the antibiotic susceptibility of microorganisms.
The standard procedure involves the inoculation of an agar
plate with microorganisms, by the classic striking method, and
the placement of an antibiotic-impregnated paper disk on the
agar surface. Bacterial growth and antibiotic diffusion in the
agar start simultaneously resulting in a circular zone of inhibi-
tion in which the drug amount exceeds the antibiotic mini-
mum inhibitory concentration. The diameter of the inhibition
zone measured after 24 h incubation depends on both drug
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concentration in the disk and susceptibility of the microor-
ganism. To evaluate polymer activity, the test was modified by
replacing the antibiotic-impregnated paper disks with poly-
meric disks.

. Caution should be used to interpret the data of inhibition

zone. In fact, differently from the standard disk diffusion test
(known as the Kirby Bauer test), in which for each microor-
ganism the diameter of the inhibition zone is related to the
antibiotic concentration in the paper disk, when testing polymers
there cannot be a correlation between the width of inhibition
zone and the amount of drug adsorbed to the polymer. In fact,
if the drug interacts with the polymer, its release is hampered
resulting in a small inhibition zone even when significant
amount of drug is present in the polymer. In addition, usually
the antimicrobial agent is not only adsorbed on the polymer
surface but also entrapped in the polymer bulk. In fact, during
the drug loading, the polymer can swell in water allowing the
drug penetrating into the internal polymer layers. This further
affects the drug release rate.

. This test can be performed not only on polymer disks but also

on nanoparticles. In this latter case, the sample must be
weighed and homogeneous in size.

. This assay is especially recommended when the antimicrobial

agent is entrapped in the polymer bulk and is therefore released
with difficulty by the polymer. The culture broth can penetrate
into the polymer and favor drug release and action.

. The choice of the buffer used to rinse polymer and detach bac-

teria is not critical. Ringer’s solution or other isotonic media
such as phosphate buffer can be used.

. This dehydration procedure can be performed only if the poly-

mer is not soluble in ethanol.

. The staining procedure could not be suitable if the polymer

adsorbs the stain. To reduce this effect, a low-thickness poly-
mer film should be obtained by layering the polymer onto glass
coverslips.

. The MIC of biocidal polymers could be determined also on

solid media by embedding cellulose disks with 10-20 pL of a
polymer solution at the desired concentration and placing
them on Petri plates previously seeded with 108 CFU/mL bac-
terial concentration. However, this method not always gives
reproducible results. In fact, due to the high molecular weight,
diffusion of polymers in the agar medium is usually hindered.
Therefore, the diameters of inhibition zones could not be cor-
related to the concentration of the polymer solution.
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Chapter 16

Antibiotic Polymeric Nanoparticles for Biofilm-Associated
Infection Therapy

Wean Sin Cheow and Kunn Hadinoto

Abstract

Polymeric nanoparticles are highly attractive as drug delivery vehicles due to their high structural integrity,
stability during storage, ease of preparation and functionalization, and controlled release capability.
Similarly, lipid—polymer hybrid nanoparticles, which retain the benefits of polymeric nanoparticles plus the
enhanced biocompatibility and prolonged circulation time owed to the lipids, have recently emerged as a
superior alternative to polymeric nanoparticles. Drug nanoparticle complex prepared by electrostatic inter-
action of oppositely charged drug and polyelectrolytes represents another type of polymeric nanoparticle.
This chapter details the preparation, characterization, and antibiofilm efficacy testing of antibiotic-loaded
polymeric and hybrid nanoparticles and antibiotic nanoparticle complex.

Key words Antibiofilm, Lipid—polymer hybrid nanoparticles, Antimicrobial testing, PLGA

1 Introduction

Biofilm cells are highly tolerant towards antimicrobial agents such as
antibiotics due to (1) the majority of the biofilm cells being in a non-
growing state causing them to be less susceptible to certain antibiot-
ics (e.g., p-lactam); (2) the presence of the EPS matrix protecting
the biofilm cells from antibiotics, therefore allowing timely adaptive
stress responses; and (3) the existence of invulnerable subpopulation
of persister cells regardless of the antibiotic concentration and expo-
sure duration [1]. Encapsulating antibiotics into nanoscale carrier
particles will allow the residence time of the antibiotic in the biofilm
infection sites to be prolonged as a result of the controlled antibiotic
release afforded by the carriers. In addition, the antibiotic can be
released locally inside the biofilm matrix, hence increasing its resi-
dence time and concentration in the biofilm infection sites due to
the efficiency with which nanoparticles can penetrate through the
biofilm EPS matrix [2]. Furthermore, nanoparticles can effectively
evade capture by the reticuloendothelial system (RES) resulting in
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Fig. 1 Polymeric nanoparticle versus lipid—polymer hybrid nanoparticle
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their high bioavailability [3, 4]. As a result, a higher antibacterial
efficacy than that obtained by the non-encapsulated drug formula-
tion is obtained.

Polymeric nanoparticles are highly attractive as drug delivery
vehicles due to their high structural integrity, stability during stor-
age, ease of preparation and functionalization, and controlled
release capability [5]. In particular, polymeric nanoparticles pre-
pared from biodegradable and biocompatible synthetic polymer
such as poly-lactic-co-glycolic acid (PLGA) has been widely applied
in drug encapsulation. The drug release can be precisely controlled
by varying the polymer type, compositions, and molecular weight.
More recently, lipid—polymer hybrid nanoparticle (LPN), which
retains the benefits of polymeric nanoparticles in addition to
improved biocompatibility and prolonged circulation time, has
been developed [6]. Figure 1 shows the difference between poly-
meric and hybrid nanoparticles.

Another type of polymeric nanoparticles is the amorphous
nanoparticle complex (nanoplex), in which charged polymers, i.e.,
polyelectrolytes, react with an oppositely charged drug molecule to
form nanoplexes [7]. In contrast to the antibiotic-loaded nanopar-
ticles in which the polymer matrix forms a large percentage of the
nanoparticle, a majority of the nanoplex consists of the antibiotic.
Furthermore, due to the amorphous form of the nanoplex, the
release rate of the antibiotic is no longer controlled but is instead
very rapid as a result of the higher energy level of the amorphous
form of the antibiotic.

This chapter describes the preparation, characterization, and
antibacterial efficacy testing of antibiotic-loaded polymeric and
hybrid nanoparticles in sufficient detail to allow even first timers to
carry out the studies. Levofloxacin (LEV), a fluoroquinolone, is
used as the model antibiotic, while PLGA and phosphatidylcholine
(PC) are used as the polymer and lipid, respectively. The natural
polyanion, dextran sulphate, is used as the polyelectrolyte to
interact with LEV to form the antibiotic nanoplex.
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2 Materials

2.1 Nanoparticle
Preparation

2.2 Antimicrobial
Testing

1. Poly(pi-lactide-co-glycolide)  (PLGA, Purasorb  5004A)
(PURAC Biomaterials, The Netherlands).

. Dichloromethane (DCM), analytical grade.
. Acetone, analytical grade.

. Acetic acid.

. Poly (vinyl alcohol) (PVA, MW =23,000).

. Pluronic F-68.

. Sodium chloride, NaCl.

LEV.

. Dextran sulphate (5,000 Da) (DXT).

. PC, from egg yolk.

NeRE-CIN TN R N U

—
—— O

. D-alpha tocopheryl polyethylene glycol 1000 succinate
(TPGS).

. Phosphate buffer saline (PBS) solution (pH=7.4).

. Dialysis membrane (molecular weight cutoft'size of 12,400 g/
mol).

—
w N

. E. coli.

. 96-well microplate.

. 96-peg lid.

. Mueller—Hinton broth (MHB).
. Bacto agar.

. Luria-Bertani (LB) broth.

AN U W N

3 Methods

3.1 Preparation

of Antibiotic-Loaded
Polymeric
Nanoparticles

The nanoprecipitation method to prepare nanoparticles is based
on the work of Govender et al. [8] and results in LEV-loaded
nanoparticles with a burst release profile. When the polymer and the
highly water-soluble LEV (~0.1 g/mlL) are dissolved in water-
miscible acetone and added into water, the acetone rapidly diffuses
into the aqueous phase resulting in the formation of polymeric
nanoparticles. LEV is predominantly adsorbed on the nanoparticle
surface, contributing to the burst release profile.

The emulsification—solvent evaporation (ESE) method of Sung
et al. [9] is employed to prepare LEV-loaded nanoparticles with
the biphasic extended release profile. The polymer and LEV are
dissolved in DCM, which is volatile and water immiscible. Upon
addition of the polymer/LEV solution into water, an oil-in-water
nano-emulsion is formed by ultrasonication. When DCM is evapo-
rated, the nano-emulsion is transformed into a nanoparticulate
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Fig. 2 Nanoprecipitation (/eff) versus emulsification—solvent evaporation (righf) to prepare nanoparticles

suspension in which LEV is encapsulated inside the polymer matrix
resulting in an extended release profile. Figure 2 demonstrates
the difference between the nanoprecipitation and ESE methods.
The double-ESE (DESE) method to prepare LEV-loaded nanopar-
ticles is a modified version of the ESE, with the difference being an
extra internal aqueous phase to result in a water-in-oil-in-water
(w/0/w) emulsion.

1. To prepare antibiotic-loaded polymeric nanoparticles by the

nanoprecipitation method, first dissolve (1) 80 mg of PLGA
together with 8 mg of LEV in 5 mL of acetone to form the
solvent phase (se¢ Note 1) and (2) 10 mg of Pluronic F-68 in
10 mL of DI water to form the anti-solvent phase. Slowly add
the solvent phase into the continuously stirred anti-solvent
phase dropwise. A milky suspension should be observed to
form immediately. Remove the acetone from the suspension by
evaporation, either by stirring in an open beaker overnight or
by using a rotary evaporator.

. To prepare LEV-loaded nanoparticles by ESE, dissolve (1) 8 mg

of LEV and 80 mg of PLGA in 2 mL of DCM to form the oil
phase; (2) 60 mg of PVA in 6 mL of DI water to form a 1.0 %
(w/v) aqueous PVA solution, which is the aqueous phase; and
(3) 10 mg of PVA in 10 mL of DI water to form the diluting
solution. Transfer the oil phase into the aqueous phase, and
sonicate the mixture using a probe sonicator for 60 s (se¢ Note 2).
A milky suspension should form immediately. Pour the milky
suspension into the constantly stirred diluting solution, and
allow the DCM to evaporate off by overnight stirring in an open
beaker.

. To prepare nanoparticles by the DESE method, first dissolve

(1) 8 mg of LEV in 300 pL of DI water to form the inner aque-
ous phase (wy), (2) 90 mg of PLGA in 3 mL of DCM to form
the oil phase (0), and (3) 120 mg of PVA in 12 mL of DI water
to forma 1.0 % (w/v) aqueous PVA solution, which is the exter-
nal aqueous phase (w;). Transfer the w, phase into the water
phase, and sonicate the mixture using a probe sonicator for 60 s.
An emulsion should form at once, which is the w; /o emulsion.
Immediately transfer the emulsion to the w, phase and sonicate
for a further 60 s to form the w,/0/w, double emulsion.



3.2 Preparation of
Antibiotic-Loaded
Lipid-Polymer Hybrid
Nanoparticles

3.3 Preparation of
Antibiotic Nanoplex
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Allow the DCM to evaporate off by overnight stirring in an
open beaker. Note the final volume of the suspension after
evaporation (V).

. For all the nanoparticles prepared, remove non-encapsulated

antibiotic by three cycles of centrifugation (14,000 x 4) and resus-
pension (see Note 3). Set aside the supernatant from the first
centrifugation that contains the non-encapsulated antibiotic for
encapsulation efficiency measurement (see Subheading 3.3). Use
only 0.2 mL of DI water to resuspend the final nanoparticle pel-
let so that a concentrated stock nanoparticle suspension is
obtained. Note the final volume of the stock suspension ( V)
for yield calculation (see Subheading 3.4).

. To prepare nanoparticles in larger quantities, multiple batches

of nanoparticles should be prepared instead of merely scaling
the volume as the sonication step is not easily scaled.

Lipid—polymer hybrid nanoparticles can be prepared by simple
modification of the ESE and DESE methods, where the lipid PC is
dissolved in the oil phase [10]. To ensure stability, an extra surfac-
tant, TPGS, in included in a small amount together with PC
(see Note 4).

1.

To prepare DESE hybrid nanoparticles, dissolve 9 mg of the
antibiotic in 300 pL of deionized water to form the internal
aqueous phase. Co-dissolve 30 mg PC, 9 mg TPGS, and
90 mg PLGA in 3 mL of DCM to form the oil phase. Emulsify
the aqueous antibiotic solution in the PLGA organic solution
by sonicating for 60 s using a Vibra-Cell probe sonicator. Pour
the resulting nano-emulsion into 12 mL of deionized water
and sonicate again for 60 s to form the w/o/w double
emulsion.

. To prepare hybrid nanoparticles by the ESE method, dissolve

9 mg of LEV, 9 mg of TPGS, 30 mg of PC, and 90 mg of
PLGA directly in the oil phase (DCM). Following that, emul-
sify for 60 s in 12 mL of deionized water.

. For all the hybrid nanoparticles prepared, remove non-

encapsulated antibiotic by three cycles of centrifugation
(14,000 x4) and resuspension (see Note 3). Use only 0.2 mL
of DI water to resuspend the final nanoparticle pellet so that a
concentrated stock nanoparticle suspension is obtained.

. Dissolve 6 mg of DXT and 5.8 mg of NaCl in 1 mL DI water

to form the polyelectrolyte solution (se¢ Note 5).

. Dissolve 10 mg of LEV and 5.8 mg of NaCl in 1 mL DI water

to form the drug solution. Add 2 pL of acetic acid to this drug
solution to allow LEV to be ionized.
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3.4 Characterization
of Antibiotic-Loaded
Nanoparticles

3. Add all the drug solution to the polyelectrolyte solution rapidly

by pipetting using a 1,000 pL pipette. A white suspension
should form immediately.

4. Allow the mixture to equilibrate for 30 min before washing by

three cycles of centrifugation and resuspension in DI water.

1. Yield: The yield is the total amount of nanoparticles collected

compared to the amount of polymer initially used in the prepa-
ration. Freeze-dry 50 pL aliquot of the stock to determine the
dry mass (Mg, xp). Using the dry mass and the final stock vol-
ume noted earlier, calculate the polymeric nanoparticle yield
using Eq. 1:

M dry NP (mg) V.

stock

(mL) /0.05
Mass of polymer initially added

Yield = 100%. (1)

In the calculation of yield for hybrid nanoparticles, take into
account the mass of PC added.

. Drug loading: The drug loading is the amount of drug per

unit mass of the nanoparticles. Use the same dry nanoparticles
in yield determination for the drug loading measurement.
Dissolve the dry nanoparticles in 2 mL of DCM, and measure
the absorbance of LEV in DCM at 254 nm. Compare the
absorbance against the absorbance of a series of LEV standards
in DCM to determine the concentration of DCM. Calculate
the drug loading using Eq. 2:

Concentration of LEV in2mL 2mL

Drugloading = 100%. (2)

Encapsulation efficiency =

Mdry NP (mg)

3. Encapsulation efficiency: The encapsulation efficiency is defined

as the amount of encapsulated drug compared to the amount of
drug initially added. To determine the encapsulation efficiency,
measure the drug concentration in the supernatant from the
first cycle of centrifugation set aside in Subheading 3.1, step 4
( Cuupernatant)- Calculate the encapsulation efficiency using Eq. 3:

Mass of drug initially added - C \Y

supernatant evap 1 00 % . ( 3 )
Mynp (mg)

4. Size and zeta-potential: Dilute an aliquot of the stock nanopar-

ticle suspension by tenfold or until the suspension is nearly trans-
parent to measure the size and zeta-potential of the nanoparticles
prepared by using a Brookhaven 90Plus Nanoparticle Size
Analyzer.



3.5 Antibiotic
Susceptibility Testing

3.5.1 Determining
Minimum Inhibitory
Concentration of the
Antibiotic Nanoparticles
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5. In vitro release: The in vitro release study determines the rate
of drug release from the nanoparticles in PBS using the dialysis
bag method under a sink condition (se¢e Note 6). First, wet
about 10 cm strip of the dry dialysis bag by immersing it in DI
water for 30 min. Tie a short knot at one end of the dialysis
bag, ensuring that there remains sufficient dialysis bag for tying
a second knot at the opposite end. Open up the dialysis bag to
form a tubing by gently rubbing the edges. Transfer 1.95 mL
of PBS (pre-warmed in a 37 °C water bath) into the dialysis
bag and 8 mL of the same PBS into a 15 mL bottle (external
PBS) (see Note 7). Transfer 50 pL of stock nanoparticle
suspension into the dialysis bag, being careful not to spill the
content. Tie a knot to seal the remaining end of the dialysis
bag, and place the dialysis bag into the 8 mL external PBS.
Place the bottle containing the dialysis bag and nanoparticles
into a shaking incubator set at 37 °C and 150 rpm. Immediately
start the timer. At suitable time intervals (e.g., 12 h), collect
4 mL of the external PBS for drug concentration measure-
ment, and replace the collected amount with fresh, pre-warmed
PBS of the same volume. Determine the drug concentrations
at different time intervals (i.e., LEV1, LEV2 and ...) by using
the UV-vis spectrophotometer and a corresponding standard
curve. The in vitro drug release profile is conventionally pre-
sented as % drug released over time, where the total drug
amount, i.e., 100 %, is calculated from the drug loading.

The minimum inhibitory concentration (MIC), defined as the
lowest antibiotic concentration that inhibits a visible planktonic
bacterial growth after an overnight incubation at 37 °C;, is used
to determine the efficacy of the antibiotic-loaded nanoparticles
prepared. An optical density measurement at 600 nm (ODyy) is
typically used to examine the visible bacterial growth in which
ODg00< 0.1 indicates a zero bacterial growth.

1. Adjust the concentration of an overnight E. coli suspension
to 0.5 McFarland standard in MHB. Add 9.9 mL of MHB to
100 pL of the cell suspension to dilute the suspension by 100-
fold to produce a bacterial cell suspension having approximately
1.0x10% colony-forming units (CFU)/mL. Add 100 pL of
nanoparticle suspension in MHB at various concentrations to
100 pL of the bacterial cell suspension in each well of a 96-well
microplate to yield a final cell concentration of 5.0 x 10> CFU/
mL (see Note 8). For each nanoparticle concentration tested,
prepare a well for reference OD by adding 100 pL of the
nanoparticle suspension to 100 pL. of MHB.

2. After a 24-h incubation at 37 °C, measure the ODg, of the
mixed nanoparticles and cell suspension (ODygo, mixware) a8 Well
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Fig. 3 Determination of MBIC

3.5.2 Determining
Minimum Biofilm Inhibitory
Concentration of the
Antibiotic Nanoparticles

as the reference nanoparticle suspension (ODggo, reference) 10 €ach
well by using a microplate reader (Synergy HT, Biotek, USA).
Subtract off the ODygy contributed by the nanoparticles from
the measured mixture ODg to obtain the optical density due
to the cell suspension alone (ODyggg, cen), 1-€., ODgo0, cent = ODso0,
mixture — ODi00, reference. L he lowest antibiotic-loaded nanoparticle
concentration that yields ODggp, 1< 0.1 is the MIC (see Fig. 3).

The minimum biofilm inhibitory concentration (MBIC) is defined
as the lowest antibiotic concentration that inhibits a visible biofilm
cell growth. The biofilm cultivation method and MBIC determina-
tion follow the methods of Harrison et al. [11] and Cerietal. [12],
respectively.

1. Adjust the concentration of an overnight cell suspension in
MHB to 1.0 McFarland standard. Dilute the cell suspension
by 30-fold in MHB to produce 1.0x 107 CFU/mL. Transfer
150 pL of the inoculum to each well of a 96-well microplate,
and fit a 96-peg lid on top of the microplate to provide a sur-
face for the biofilm growth (see Note 9). After 24-h incubation
(see Note 10) in a shaking incubator at 150 rpm and 37 °C, lift
up the peg lid and rinse the biofilm formed on the pegs with
PBS by fitting the peg lid onto another microplate filled with
fresh PBS. The rinsing step is necessary to remove loosely
attached planktonic cells. Break off two pegs to enumerate the
amount of biofilm cells formed (se¢ Note 11).

2. Expose the biofilm formed in the remaining 94 pegs to 200 pL
of LEV solution in MHB in a new microplate (se¢ Note 12).
After a 24-h incubation at 37 °C, lift the peg lid and rinse the
pegs with PBS to remove the dead biofilm cells. Fit the rinsed
peg lid onto a new microplate (i.e., recovery plate) containing
200 pL fresh MHB, and detach the non-eradicated biofilm cells
from the pegs into the wells by sonicating the peg-plate assem-
bly for 5 min (se¢ Note 13). Cover the microplate with a new
lid (without pegs), and incubate the plate at 37 °C for 24 h.
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3. Following that, measure the ODy in each well of the recovery
plate by using the microplate reader. The lowest LEV concen-
tration that results ODgyy<0.1 is determined as the MBIC.

4. To investigate whether the nanoparticles exhibit any antibacte-
rial activities, grow biofilm cells on a 96-peg lid following the
same procedures used to determine the MBIC. Subsequently,
expose the biofilm formed on the pegs to 40 pL of the blank
nanoparticulate suspension in a microplate at the highest
equivalent antibiotic-loaded nanoparticle concentration tested.

5. Serially dilute the recovered biofilm cells tenfold, and drop
plate onto LB agar plates. Incubate overnight at 37 °C to
determine the viable CFU. The biofilm-derived planktonic
cells which are present in the wells of the microplate after the
nanoparticle exposure can also be enumerated.

6. Prepare biofilm cells exposed to 40 pL of PBS and 160 pL of
MHB as the experimental controls.

7. Compare the viable CFU counts of the biofilm-derived plank-
tonic cells and the biofilm cells which have been exposed to the
blank nanoparticles with those of the experimental controls to
determine the percentage of surviving cells (see Fig. 3).

The time-dependent biofilm susceptibility testing allows biofilm
grown to be exposed to a series of antibiotic solutions of different
concentrations depending on the in vitro drug release profile. The
separation of the antibiotic release and the susceptibility testing exper-
iments is practical only when the nanoparticles do not exhibit any
antimicrobial activity. In addition, the exclusion of the nanoparticles
(using only the antibiotic solution released from the nanoparticles)
allows the examination of the effect of release profiles on the biofilms
to be performed easily without the complication of retaining nanopar-
ticles while replacing the growth medium necessary to sustain the
biofilm growth, particularly when antibiotics are released from the
nanoparticles beyond 24 h.

1. Grow the biofilm on 96-peg lids following the same procedures
used to determine the MBIC.

2. To test the antibiotic solution from the first time point, the
biofilm cells from the pegs are exposed to an antibiotic solution in
a microplate, which contains 20 pL of the LEV1 solution
obtained from the in vitro drug release study and 180 pL
of MHB. A solution containing 20 pL of PBS and 180 pL of
MHB is used as the positive control. The fresh MHB must be
supplied to sustain the biofilm existence over the time-kill
period.

3. After a 12-h incubation at 37 °C (i.e., second time point of
the time kill where time interval is 12 hourly), break off two
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Fig. 4 An illustration of the time-kill study utilizing antibiotic solutions from the in vitro release study

pegs from the peg lid using a sterile plier. Immerse the pegs
separately in two microcentrifuge tubes containing PBS to
rinse the pegs and remove loosely attached biofilm cells.
Transfer the pegs to new microcentrifuge tubes containing
PBS, and sonicate the microcentrifuge tube (containing the
pegs) in a sonicating bath for 5 min to transfer the biofilms
from the pegs to the PBS. Determine the viable CFU by using
drop plate counting.

. Transfer the remaining biofilms on the peg lid to a new
microplate containing antibiotic solutions from the next time
interval, i.e., 20 pL of the LEV2 solution and 180 pL. of MHB.
Repeat these procedures until all the antibiotic solutions col-
lected from the in vitro release study are used up (see Fig. 4).

4 Notes

. Other water-miscible solvents that can dissolve the polymers
can be used, such as acetonitrile. The solvent used will aftect
the nanoparticle characteristics. Any other antibiotics that can
be dissolved in the solvent can also be used.
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. The DCM layer will be at the bottom; therefore, ensure that

the sonicating probe is sufficiently deep to reach the DCM
layer. Use a suitable container for sonication, such as a 15 mL
bottle, to prevent splashing of the emulsion during sonication
and also to avoid breaking the container due to strong sonica-
tion forces.

. After centrifugation, all the supernatant should be removed,

leaving behind an intact nanoparticle pellet. To resuspend the
pellet, gently scrape the pellet against the centrifuge tube by
using a pipette tip while pipetting up and down. A smooth
suspension without any lumps should be formed after each
resuspension step.

. Other lipids such as DPPC can also be used. As an alternative

to TPGS, PEGylated lipids can be used, e.g., DSPE-PEG.

. Other antibiotics, such as ciprofloxacin, can be used.

6. Nanoplex dissolves immediately in PBS, so it should be excluded

10.

11.

12.

13.

from in vitro release study.

. Since fluoroquinolones are photodegradable, use opaque or

amber bottles.

. Use serial twofold dilutions to prepare a series of concentra-

tions of antibiotic-loaded nanoparticles.

. We find that the wells at the edges of the microplate, i.e., Rows

A and G and Columns 1 and 12, are prone to evaporation,
causing the biofilms formed at these locations to be slightly
lower in density compared to the rest of the wells. To counter
this problem, use the wells in these locations as an evaporation
guard, where 200 pL DI water is filled into these wells. This
way, any evaporation will not affect biofilm formation in the
inner wells.

To form older (more mature) biofilms, incubation beyond
24 h can be done, but the medium needs to be changed daily.
To expose the biofilm cells to fresh medium, simply lift up the
peg lid and fit it onto a new microplate filled with MHB.

Breaking the pegs at the edges (instead of in the middle) is less
likely to disrupt biofilms on other pegs. Breaking off the pegs
might need some practice.

The volume of the inoculum is less than the total volume when
tested against nanoparticle suspension so that the biofilm
formed is completely submerged in the nanoparticle
suspension.

The peg-plate assembly should be wrapped with parafilm to
minimize contamination from the sonicating bath. In addition,
only the lower half of the assembly, i.e., the plate base, should
be submerged in the sonicating bath, while the upper peg lid
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half should remain above the bath level. To achieve this, the
volume of water in the sonicating bath should be reduced, or
the “basket” of the sonicating bath should be elevated (e.g., by
using retort clamps).
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Chapter 17

Pharmacokinetics and Pharmacodynamics of Antibiotics
in Biofilm Infections of Pseudomonas aeruginosa
In Vitro and In Vivo

Wang Hengzhuang, Niels Hgiby, and Oana Ciofu

Abstract

Although progress on biofilm research has been obtained during the past decades, the treatment of biofilm
infections with antibiotics remains a riddle. The pharmacokinetic (PK) and pharmacodynamic (PD) profiles
of an antimicrobial agent provide important information helping to establish an efficient dosing regimen
and to minimize the development of antimicrobial tolerance and resistance in biofilm infections.
Unfortunately, most previous PK/PD studies of antibiotics have been done on planktonic cells, and extra-
polation of the results on biofilms is problematic as bacterial biofilms differ from planktonic grown cells in
the growth rate, gene expression, and metabolism. Here, we set up several protocols for the studies of PK/
PD of antibiotics in biofilm infections of P. aeruginosa in vitro and in vivo. It should be underlined that
none of the protocols in biofilms have yet been certificated for clinical use or proved useful for guidance of
antibiotic therapy.

Key words Biofilm, Antibiotics, PK/PD, Pseudomonas aeruginosa

1 Introduction

Dose regimes of antimicrobials have been established based on
minimal inhibitory concentration (MIC) and minimal bactericidal
concentration (MBC), which reflect the susceptibility of planktoni-
cally grown bacterial population [1, 2]. The traditional antibiotic
regimes based on the MIC and MBC often failed to cure biofilm
infections [3, 4] due to the intrinsic tolerance of biofilm-growing
populations to antibiotics [5, 6]. Treatment strategies aimed at
treating biofilm infections are urgently needed based on antibiotic
susceptibility of biofilm-grown bacterial populations. Minimal bio-
film inhibitory concentration (MBIC) and minimal biofilm eradi-
cation concentration (MBEC) are biofilm-related susceptibility
parameters that should be used to guide the antibiotic treatment of
biofilm infections.

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_17, © Springer Science+Business Media New York 2014
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MBIC and MBEC are static parameters established in vitro
at a single time point. The dynamic of the interaction between
antimicrobials and biofilms can be investigated by time-killing
curves which integrate the antibiotic concentration and time of
action [2, 7, 8].

Very few animal models are developed to study the PK/PD
profiles of antimicrobials on biofilm infections. We established a
biofilm lung infection model in order to provide an objective and
quantitative evaluation of the PK/PD profile of antimicrobials [9].
To dissociate between the effect of antibiotics and of the immune
system, the PK/PD studies of antimicrobials are traditionally con-
ducted in neutropenic mice.

For an efficient treatment of biofilm infection, we propose to
use the following PK/PD indices: area under the curve (AUC)/
MBIC,AUC/MBEC, and time above MBIC or MBEC (T > MBIC
and T>MBEC) as shown in Fig. 1. Comparing to planktonic
cells, both higher concentrations and longer period treatment
with antibiotics are required for biofilm cells [9-11]. Kinetics of
colistin and imipenem in vitro (Fig. 4) and in vivo (Fig. 10)
showed concentration-dependent and time-dependent killing,
respectively, on biofilm-growing P. aeruginosa, and the elimina-
tion of the planktonic and biofilm bacteria in the lung was best
correlated to AUC/MIC (AUC/MBIC) of colistin and T>MIC

B
=0
=
w
=
(=1

E=
<
—
=
e
I
=
=

o

Fig. 1 PK-PD indice correlation with antibacterial efficacy on biofilms. The
parameters are minimal biofilm inhibitory concentration (MBIC), minimal biofilm
eradication concentration (MBEC), subminimum biofilm inhibitory concentration
(sub-MBIC), post-antibiotic effect (PAE), maximum antibiotic concentration in
serum (Cna), and total area under the time—concentration curve of antibiotics
(AUC). The PK—PD indices are Cy,,/MBIC, AUC/MBIC, and the time that antibiotic
concentration in serum remains above the MBIC (T >MBIC). Biofilms are notori-
ously difficult to be eradicated in vivo when the MBEC exceeded the Cpx
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(T>MBIC) of imipenem [9] in Fig. 11. Time-dependent killing
of ceftazidime was observed in the P aeruginosa
PAO1 biofilms, but concentration-dependent Kkilling activity
was observed for p-lactamase-overproducing biofilms of PAADD
h2Dh3 in vitro [11]. The PK/PD indices of AUC/MBIC and
Cias/MBIC (G, maximum concentration) are probably the
best parameters to describe the eftect of ceftazidime in p-lactamase-
overproducing biofilms of P. aeruginosa [9-11].

2 Materials

2.1 Bacterial Strains

2.2 Medium

2.3 Preparation for
Biofilm Susceptibility
Assay and Kinetic
Assay of Antibiotics
on Biofilms

2.4 Preparation for
PK/PD of Antibiotics
on Biofilms In Vivo

P. aeruginosa PAO1 and other strains with or without fluores-
cent tag.

1. Minimum medium (ABTG medium): The medium consists of
1 mM MgCl,, 0.1 mM CaCl,, 15.1 mM (NH,),SO,, 33.7 mM
Na,HPO,-2H,0, 22 mM KH,PO,, 51mMNaCl, 0.01 mM
FeCls, 2.5 pg/ml thiamin, 0.5 % w/v glucose, and sterilized
water.

2. Rich medium: Luria-Bertani (LB) media.

1. Microtiter plate: Flat-bottom 96-well microtiter plate and pegs
of'a modified polystyrene microtiter lid (Nunc A /S, Denmark).

2. 0.1 % crystal violet solution.
3. Ultrasonic cleaner: Bransonic 220.

4. Microtiter plate reader.

1. Animal: 10-week-old female NMRI mice (Taconic, Denmark)
weighing 32-34 g.

2. Cyclophosphamide.

w

. NucleoCassette Device (NucleoCounter System, ChemoMetec
A/S, Denmark).

. Microisolation cage system.

. Fentanyl and Fluanisone (Hypnorm, 10 mg,/ml).
. Midazolam (Dormicum, 5 mg/ml).

. Trizma base.

. Calcium chloride dihydrate.

O 0 N O Ul

. Pronova.

10. SYTO 9.

11. Streptococcus SP. EB6S.

12. Bordetelln bronchiseptica ATCC4617.
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3 Methods

3.1 PK/PD of

Antibiotics on Biofilms

In Vitro

3.1.1  Growth Conditions

3.1.2 Biofilm
Susceptibility Assay

by the Modified Calgary
Biofilm Device Method
[5, 6, 11] (Figs. 2 and 3)

The minimum medium (ABTG medium) is refreshed every 24 h in
wells for biofilm cultivation. Antibiotics are of pharmaceutical rate.

. Isolates are grown overnight in LB media.
. After dilution of this culture to 107 CFU/ml with ABTG

medium, 0.10 ml is transferred to all wells except the negative
control of a flat-bottom 96-well microtiter plate.

. Bacterial biofilms are formed by immersing the pegs of a modi-

fied polystyrene microtiter lid into the biofilm growth plate,
followed by incubation at 37 °C for 1, 3, and 7 days without
shaking, and relative humidity (RH) for biofilm growth plate is
above 95 % to prevent the evaporation of medium (se¢ Note 1).

. Crystal violet (0.1 %) staining method is employed to check

the biofilm formation for the quality control pegs (see Note 1).

. Peg lids are rinsed three times in sterile water.

6. Place onto flat-bottom microtiter plates containing antibiotic,

twofold dilutions in 0.12 ml of ABTG medium per well
(antibiotic challenge plate) and cultivate for 20 h at 37 °C
(see Note 2).

. After antibiotic incubation, peg lids are again rinsed three
times in sterile water (see Note 3).

Fig. 2 The biofilm formation on wells (a) and peg lid of microplate (b) are stained by crystal violet. Artificial
biofilm of alginate beads is shown (¢) under microscopy (x60)
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Fig. 3 Three steps of biofilm susceptibility assay including biofilm growth, single or combination antimicrobial
challenge, and biofilm recovery. ODg5, value is applied to evaluate the minimal biofilm inhibitory concentration
(MBIC) and minimal biofilm eradication concentration (MBEC)

3.1.3 Kinetics

of Antibiotics on Biofilm
Assay In Vitro (Figs. 3
and 4)

8. Peg lids are placed into antibiotic-free LB medium in a flat-
bottom microtiter plate (biofilm recovery plate).

9. To transter biofilms from pegs to wells, the sonication is
performed at 4 °C for 2-5 min using Bransonic 220 (se¢ Note 4).
And then the biofilm cells in wells are cultivated for 8-24 h.

10. The optical density at 650 nm (ODg;0) of well is measured by

a microtiter plate reader, before and after incubation in LB
medium at 37 °C for 8-24 h (see Note 5).

11. MBIC is defined as the concentrations of the drug that result
in an ODys, difference at or below 10 % of the mean of three
positive control well readings. The 10 % cutoff represents a
1-log 10 difference in growth after 8-12 h of incubation [6, 11].
MBEC is detected after 24-h recovery and defined as the
concentrations of drug that resulted in no increase of ODg;s or
an increase of OD 650<0.05 [11].

1. Biofilm cultivation and rinse are described as above for young
biofilm and mature biofilm.

2. Peg lids are placed into flat-bottom microtiter plates contain-
ing different concentrations of antibiotics in 0.12 ml of ABTG
medium per well (antibiotic challenge plate) and incubated
for 0, 1, 2, 3, 4, 6, 8, 12, and 24 h at 37 °C with shaking
(see Notes 2 and 6).

3. After antibiotic incubation, peg lids are rinsed three times and
placed into antibiotic-free LB in a biofilm recovery plate with
sonication (see Notes 3 and 7).

4. ODy;5 is measured by a microtiter plate reader before and after
incubation at 37 °C for 8-12 h to set up the dynamic time—kill
curve of antibiotics (see Note 5).
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Fig. 4 Kill curves of biofilm-growing P, aeruginosa non-mucoid PAO1 with colistin (a) and imipenem (b) in vitro.
Kinetics of colistin and imipenem in vitro showed concentration-dependent and time-dependent Killing,
respectively, on biofilm-growing P, aeruginosa (reprinted from [11] with permission)

3.1.4  Killing Curves
of Antibiotics on Planktonic
Cells

3.2 PK/PD
of Antibiotics
on Biofilms In Vivo

3.2.1 Animals

3.2.2 Neutropenic Mouse
Model of Biofilm Lung or
Thigh Infection

1. Planktonic P. aeruginosa 0.1 ml in approximately 10 CFU/ml
is added into microtiter wells with LB medium.

2. Different concentrations of antibiotics (volume 0.1 ml) are
added into difterent wells (total volume 0.2 ml), shaken, and
cultivated at 37 °C for hours 0, 1,2, 4, 8, 12, and 24.

3. Samples (0.1 ml) from wells are serially diluted and cultured
overnight on plate, and then CFU is counted.

4. Killing curves of antibiotics on planktonic cells are plotted to
compare with biofilms.

10-week-old female NMRI mice are used (see Note 8).

The mice are maintained on standard mouse chow and water
ad libitum for 1 week before challenge. All animal experiments are
performed under authorization from the National Animal Ethics
Committee of Denmark.

1. Mice are rendered neutropenic by injecting three doses of cyclo-
phosphamide intraperitoneally on day 1 (150 mg/kg of body
weight), day 3 (100 mg/kg), and day 4 (100 mg/kg) prior to
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Fig. 5 The optimal challenge inoculums of planktonic P, aeruginosa in a neutro-
penic mouse thigh infection model at 24-h time points after bacterial challenge.
The 10° CFU/ml is a candidate inoculum of P aeruginosa for the neutropenic
mouse thigh infection model

experimental infection. Optimization of the cyclophosphamide
dose for mice is performed in pilot studies (se¢ Note 9).

2. Blood is drawn from the tail (se¢e Note 10), and leukocytes
are counted with a NucleoCassette device. Blood smears are
checked for the presence of granulocytes. Mice are severely
granulocytopenic (absolute granulocyte count, <50/mm?) by
day 4 and remained so through day 5 and day 6 after the first
injection of cyclophosphamide.

3. The bacterial infection is performed on day 5.

4. The neutropenic mice are raised in a microisolation cage system
in a sterile environment.

5. Mouse operations are performed in a ventilated cabinet while
the mice are under anesthesia (see Note 11).

6. Optimization of the inocula of planktonic and biofilm bacteria
tor lung or thigh infections is performed in pilot studies
(see Note 12) shown in Fig. 5.

7. To prepare the biofilm bacteria, planktonic P. aeruginosa cells are
immobilized in spherical alginate beads, as described [12-14] in
Fig. 6.

8. The anesthetized mice are tracheostomized, a 0.04-ml inocu-
lum of planktonic or biofilm bacteria adjusted to yield approxi-
mately 10° CFU/ml is instilled in the lower left lung using a
curved bead-tipped needle (see Note 13), and then the incision
is sutured as shown in Fig. 7. 0.1-ml inoculum of planktonic or
biofilm bacteria is for thigh infection model.
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Fig. 6 Different concentrations of alginate bead staining by SYTO 9. The inoculum size is controlled precisely
in the alginate beads from 10° to 108 CFU/ml
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Fig. 7 Biofilm lung infection model. Biofilm cells are injected into lower left lung by trachea route when
mouse is lightly anesthetized and receive a micro-operation with tracheotomy. Antibiotic administrations
are included with intravenous (IV), intraperitoneal (IP), intramuscular (IM), intratracheal (IT), and oral
administration. And then samples of lung are collected for the study of bacteriology, pathology, and
immunology

Bacteriology and pathology
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Fig. 8 Pharmacokinetics in mouse serum of colistin versus MIC, MBC, MBIC, and MBEC of P, aeruginosa PAO1
(black square) 16 mg/kg of colistin and (black circle) 64 mg/kg of imipenem with one-dose intraperitoneal
administration. The concentrations of colistin and imipenem required to eradicate the biofilms in vivo are
higher than the maximum concentration (C,.,) of the drug in serum. It is difficult to reach the target of MBEC
in serum when the drug is administrated systemically, but the target of MBIC is possible to be achieved in
serum. Early treatment of antibiotics and its combinations in young biofilm are highly recommended in biofilm
infections (reprinted from [11] with permission)

3.2.3  Pharmacokinetics 1. P aeruginosa are immobilized in spherical alginate beads
of Antibiotics in a Mouse [12-14].
Model with Biofilm

2. NMRI mice are lightly anesthetized with 0.15 ml mixture of
fentanyl and fluanisone (Hypnorm, 10 mg,/ml) and midazolam
(Dormicum, 5 mg/ml) in 1:1.

Infection for PK/PD
Modeling (Figs. 8 and 9)
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Fig. 9 Serum concentrations (conc.) of colistin (a) and imipenem (b) in mice after
intraperitoneal treatment with doses from 8 to 256 mg/kg are shown. The y-axis
in both panels is log 10. The MICs against P aeruginosa PAO1 are 4 mg/I for
colistin and 1 mg/I for imipenem (reprinted from [9] with permission)

3. The mice are tracheostomized, and 0.04 ml inoculums adjusted
to yield approximately 5x10® CFU/ml are installed in the
lower left lung along the left bronchia using a curved bead-
tipped needle.

4. The infected animals are treated with antibiotics intraperitone-
ally 2 h after infection (6 mice/group) (see Note 14).

5. An approximately 0.08-ml blood sample is collected from the
tail (see Note 10) at 5, 15, 30, 60, 120, 180, and 240 min after
antibiotic administration (se¢ Note 15). At the end of the exper-
iment, the mice are euthanized with pentobarbital /lidocaine.

6. Blood samples were centrifuged at 1,590 xg, and the serum is
collected for measurement of antibiotic concentration. The con-
centrations of antibiotics in serum are measured by a biological



3.2.4  Time—Kill Study of
Antibiotics in Planktonic
and Biofilm Bacteria In Vivo
(Fig. 10)

3.2.5 PK/PD Indices

of Antibiotics in Planktonic
and Biofilm Bacteria In Vivo
(Fig. 11)
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method with the indicator bacteria for example Streptococcus sp.
EB68 for imipenem and Bordetella bronchiseptica ATCC4617
for colistin.

. Time—concentration curves of antibiotics are established

(shown in Fig. 9). The data running by PK programs is plotted
against the value of MBIC and MBEC in Fig. 8 (see Note 16).

. To establish time-killing curves of antibiotics, anesthetized

neutropenic mice infected with planktonic bacteria (4 mice/
point) or biofilm bacteria (4 mice/point) are treated at 2 h
after infection in lung or thigh with a single intraperitoneal
dose of antibiotics (see Note 16).

2. Control mice received the same volume of saline.

. The mice are euthanized, and lungs or thighs are collected

aseptically at -2, 0, 2, 4, 8, 12, and 24 h after bacterial chal-
lenge and homogenized in 5 ml of sterilized saline.

. Humane endpoints are applied during the period.

. 0.1 ml homogenate of tissue sample is serially diluted for plate

cultivation.

. The numbers of CFU are counted for plotting of the killing

curves.

. To establish PK/PD indices of antibiotics, anesthetized neutro-

penic mice infected with planktonic bacteria or biofilm bacteria
are treated from the time point of 2 h after infection with multi-
ple intraperitoneal doses of antibiotics.

. The multiple dosages are administered at different time inter-

vals ranging from 2 to 24 h after infection for periods of
12-24 h [15].

. The mice are euthanized, and lungs or thigh are collected at

the end of the experiment and homogenized in 5 ml of steril-
ized saline.

. 0.1 ml homogenate of tissue sample is serially diluted for plate

cultivation.

. The numbers of CFU are counted for each lung or thigh and

expressed as the log 10 number of CFU per lung or thigh.

. The counts of viable bacteria for each regimen are plotted with

the PK parameters.

4 Notes

. Biofilm formation on pegs or wells is affected by several param-

eters of strains, medium, surface of pegs or wells, inoculum,
cultivation period and temperature, and so on. Some clinical
isolates are poor at forming biofilms in minimum medium, and



CFU / Lung

CFU / Lung

CFU / Lung

QU/ g,

LE+09

1.E+07

1.E+05

1.E+03

Oh 2h 4h 8h 12h 24h
Treatment time of colistin

1.E+01 y .
-2

1.E+09

1.E+07

1.E+05

1.E+03

1.E+01
-2 Oh 2h 4h 8h 12h

Treatment time of colistin

1.E+09

1.E+07

1.E+05

1.E+03

1.E+01 g !
-2 Oh 2h 4h 8h 12h 24h

Treatment time of imipenem

1.E+09 T >MIC

1.E+07

1.E+05

1.E+03

1.E+01 . " s .
-2 Oh 2h 4h 8h 12h

Treatment time of imipenem

0OMIC IS 4 MVIC 1 6MIC 64V IC

Fig. 10 Growth curves of control and antibiotic-exposed planktonic and biofilm
P, aeruginosa PAO1 cells in the neutropenic mouse lung after a single intraperitoneal
dose of colistin and imipenem. MIC of colistin, 4 mg/I; MIC of imipenem, 1 mg/I.
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rich medium is used for some strains. The humidity incubator
is used to prevent the fall of RH. Biofilms can be formed on
pegs with or without shaking in cultivation.

. Care should be taken to avoid contamination. The volume of

antibiotic challenge (antibiotic challenge plate) should cover
all biofilms, for example the volume of 0.1 ml for inoculum to
form biofilms and 0.12 ml for antibiotic challenge at least.

. Pegs should be rinsed softly three times at least before moving

to recovery plate. The antibiotics on pegs can affect the recov-
ery of biofilm cells if the challenge concentrations of antibiot-
ics are very high.

. 5-min sonication (80 W, 42 KHz) is generally enough for the

biofilm detachment of P. aeruginosa on pegs.

. Some clinical isolates of P. aeruginosa require a longer period

than the 12 h for biofilm cell recovery after sonication. 6-h
recovery of biofilm cells is not enough sometimes because of
the post-antibiotic effect.

. The variation of biofilm formation between well to well and

plate to plate should be controlled.

. The killing curve of antibiotics on biofilm is a recovery curve

when the parameter of OD is applied. The option parameters
are CFU or fluorescence scale. Samples of biofilm cells can also
be serially diluted after biofilm detachment by sonication and
then with the cultivation on plate for CFU counting or fluores-
cence detection.

. Different animal species can be applied in the biofilm infection

models.

. NMRI mice required three doses of cyclophosphamide to set

up the neutropenic mouse model, but two doses of cyclophos-
phamide are enough for most species of mouse.

Blood samples can also be collected by heart puncture.

You should be careful in the operation of cyclophosphamide
solution, injection, and blood collection to prevent the toxic
exposure from inhalation and skin contact.

The inocula for challenge are dependent on the species of
bacteria in neutropenic mouse models.

<

Fig. 10 (continued) Color bars denote the interval that serum levels of antibiotic
concentrations exceeded the MIC (T >MIC). (a) Colistin versus planktonic bacte-

ria;

(b) colistin versus biofilms; (¢) imipenem versus planktonic bacteria;

(d) imipenem versus biofilms. Kinetics of colistin and imipenem in vivo showed
concentration-dependent and time-dependent killing, respectively, on biofilm-
growing P, aeruginosa. Comparing to planktonic cells, both higher concentrations
and longer period treatment with antibiotics are required to kill biofilm cells in vivo
(reprinted from [9] with permission)
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Fig. 11 Relationships for P aeruginosa between the log 10 numbers of CFU per
lung and PK/PD indices AUC/MIC, G./MIC, and T>MIC of colistin (a, b, ¢) and Fig.
11 (continued) imipenem (d, e, f). Each symbol represents the data from a single
lung. The horizontal dotted lines represent the mean bacterial burden in the lungs
at the start of treatment. AUC/MIC (AUC/MBIC) is the best correlated parameter for
colistin to describe the elimination of planktonic (biofilms) bacteria in the lung
infection and T>MIC (T > MBIC) for imipenem (reprinted from [9] with permission)

13. The option of bacterial challenge is administrated by inhalation.

14. Some antibiotics show long half-life (t, ) in vivo, and the time

points for blood collection should be arranged from 15 min
to 24 h.
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Fig. 11 (continued)

15. For the PK/PD modeling in vivo, the concentrations of anti-
biotics should be better with the similar or the equal dose
application in patients. The application of the infected animal
is advised to simulate the similar condition with patients under
infection. PK study with normal animal is similar to that with
healthy volunteers.



254

Wang Hengzhuang et al.

16. Antibiotic administrations are included with intravenous (I1V),
intraperitoneal (IP), intramuscular (IM), intratracheal (IT),
and oral administration and other administration routes.
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Chapter 18

Contribution of Confocal Laser Scanning Microscopy
in Deciphering Biofilm Tridimensional Structure
and Reactivity

Arnaud Bridier and Romain Briandet

Abstract

Confocal laser scanning microscopy (CLSM) became in last years an invaluable technique to study biofilms
since it enables researchers to explore noninvasively the dynamic architecture and the reactivity of these
biological edifices. The constant development of fluorescent markers and genetic tools along with the
improvement of spatial, spectral, and temporal resolution of imaging facilities offers new opportunities to
better decipher microbial biofilm properties. In this contribution, we proposed to describe the contribution
of CLSM to the study of biofilm architecture and reactivity throughout two different illustrative approaches.

Key words Time-lapse confocal laser scanning microscopy, Biofilm architecture, Biofilm resistance
mechanisms, Viability fluorescent labeling, Biocide activity

1 Introduction

In last decades, scientific research permits to become aware of the
high complexity of biofilms and demonstrated that they should be
considered as dynamic and organized communities of microorgan-
isms rather than simple cell aggregates. It was demonstrated that the
specific multicellular spatial organization of these biological edifices
is crucial in the emergence of their functional properties [1, 2].
Therefore, a special interest should be given in the deciphering of
biofilm tridimensional structures in order to obtain insights into the
functioning of microbial communities. In this aim, the use of con-
ventional fluorescence widefield microscopy, where biofilm is uni-
formly illuminated by a cone of light, proved to be not well adapted
since fluorescence emitted from the whole thickness is collected and
thus hinders the observation of a particular depth in the biofilm.
Indeed, the poor depth resolution makes it possible to properly
observe only very thin biofilms, whereas they are most of the time
multicellular structures of many hundred microns of thickness.

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_18, © Springer Science+Business Media New York 2014
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These last years, the emergence of confocal laser scanning micros-
copy (CLSM) in biofilm research has allowed overcoming these
limitations and has opened new perspectives [3]. In confocal micro-
scopes, laser excitation and the introduction of a pinhole enable to
block out-of-focus light and thus to obtain images with a submi-
cronic depth resolution (~0.3 pm) [4]. By taking series of such
planed images throughout the depth of the sample, tridimensional
biofilm structures can thus be scanned and then reconstructed and
quantified after data processing using dedicated software [5-8].
Moreover, since the observation is not destructive, dynamic acquisi-
tions can be made to follow biofilm growth for example. The appli-
cation of CLSM led therefore to the discovering of important
findings for the understanding of biofilm development. For exam-
ple, Klausen et al. [9] used CLSM to depict the structural dynamic
of” Pseudomonas aeruginosa biofilms formed by wild-type, flagella,
and type IV pili mutants and thus showed the difterent steps required
for the settlement of the biofilm of this opportunistic pathogen. The
constant development and the use of fluorescent markers able to
target specific constituents of the biofilm as matrix components,
nucleic acid, and protein residues or even to identify specific cellular
physiological states give also the possibility to go further in the
description of native architecture, composition, and cellular organi-
zation of biofilm. For instance, in a recent work, Zippel and Neu
characterized the glycoconjugates of extracellular matrix of tufa-
associated biofilm using fluorescence lectin binding analysis [10].
They showed that the spectrum of lectins binding to tufa-associated
biofilms can be narrowed to a few with specificity for fucose, amino
sugars, and sialic acid, and they identified different structural extra-
cellular polymeric substance domains in biofilms which to some
extent are in very close association with calcium carbonate crystals.

Such information is crucial to the understanding of the devel-
opment and the functioning of microbial communities. In this per-
spective, the development of a high-throughput CLSM method,
based on the use of a microtiter plate compatible with high-
resolution imaging, gave the opportunity to amplify considerably
the flow of such structural and informative data, participating in
the deciphering of microbial community features [11]. The emer-
gence of commercial systems including software dedicated to auto-
mated high-throughput screening now makes it possible to
perform acquisition automatically, without an operator, further
improving the flow of the technique.

Studies on biofilms have shown that one of their key features is
their high heterogeneity because of the apparition of chemical and
nutrient gradients due to the development of tridimensional struc-
tural patterns [1, 12]. Indeed, this chemical heterogeneity governs
the emergence of multiple microenvironments in the structure
within which cells experiment unique growth conditions and
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consequently express specific genes [13-15]. From this differential
expression throughout the structure could emerge global biofilm
functions. One of the most known specific properties of bacteria in
biofilms is their amazing resistance to antimicrobial agents that lead
to important concerns in terms of public health [16, 17]. While the
precise mechanisms underlying this resistance are still poorly under-
stood, it appears as a multifactorial process primarily related to the
specific physiological state of included cells and structural character-
istics of this heterogeneous edifice [18, 19]. The development of
methods able to consider the local activity of biocides in native bio-
film tridimensional structures could provide crucial information of
cell resistance mechanisms in biofilms and thus constitute a prereq-
uisite to the development of new and efficient treatments [3].

Conventional methods involving dilution and plate spreading
after disinfection procedure as used in disinfectant regulatory stan-
dards proved to be not well adapted to biofilms as they are destructive
and thus do not enable to consider local heterogeneity. Recently,
methods have emerged by taking advantages of the combination of
specific viability fluorescence staining and time-lapse CLSM and were
developed to visualize, in real time, biocide activity within the biofilm
of Pseudomonas aeruginosa, Bacillus subtilis, Staphylococcus epidermi-
dis, or oral biofilm model for instance [20-24]. They are based on
monitoring the loss of fluorescence in biofilm cluster that corresponds
to the leakage of a fluorophore out of cells due to membrane permea-
bilization by the biocides. Such methods provided interesting data
about spatial and temporal biocide activity patterns and thus on the
spatial heterogeneity of bacterial susceptibilities enabling to better
understand the mechanisms involved in the biofilm resistance.

In this chapter, in order to illustrate the contribution of confo-
cal microscopy in the study of biofilm structure and reactivity, we
chose to deal with two different CLSM approaches.

We first describe the protocol enabling the high-throughput
analysis of biofilm tridimensional structure formed by 20 clinical
strains of Psendomonas aeruginosa using microtiter plate compati-
ble with high-resolution imaging. We then depict the different
steps enabling the direct visualization of biocide activity in biofilm
tridimensional structures using CLSM. In this aim, we focus here
on the reactivity of one clinical strain of Pseudomonas aeruginosa to
benzalkonium chloride C14, a quaternary ammonium.

2 Materials

Some of the materials mentioned here such as growth medium or
biocide are used with regard to our example and can be modified
if required.
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2.1 Reagents

2.2 Equipment

N O gt

Ll S

Growth medium (here tryptone soy broth, TSB).
Sterilized distilled water.

Sterilized 150 mM NaCl.

Fluorescent nucleic acid markers as Syto9.

Chemchrome V6 esterasic fluorescent marker (see Note 1).
Chemsol B16 staining buffer (see Note 2).

Biocide powder or concentrated solution (here benzalkonium
chloride C14, anhydrous >99 %) (see Note 3).

Spectrophotometer.
Incubator at 30 °C.
Refrigerator at 4 °C.

96-well uClear® polystyrene microtiter plates. Such microti-
ter plate is optically compatible with high-resolution CLSM
observations due to its pClear® bottom (190 £5 pm).

. Inverted confocal laser scanning microscope carrying 488 nm

argon laser and objectives with numerical aperture from 0.8
to permit single-cell-scale observations with suitable resolu-
tion (see Note 4).

Computer with Excel and GinaFIT, a freeware add-in for
Microsoft Excel developed by Geeraerd and colleagues [25]
(see Note 5).

3D reconstruction software: IMARIS® (Bitplane), AMIRA®
(Visage imaging), Image] (http://rsb.info.nih.gov/ij/),
DAIME [7].

Software for the quantification of biofilm structures:
COMSTAT, PHLIP, ISA3D, DAIME [5-8].

3 Methods

3.1 Biofilm
Formation in
Microtiter Plate

1.

2.

Carry out all protocol steps at room temperature unless otherwise
specified. Note that incubation temperature and time can vary
depending on the strain studied and conditions required. Biofilm
formation steps are common to both methods exposed after.

Note that for both methods, suggestions for confocal data

analysis and presentation are given.

Inoculate 10 ml of TSB with 1 ml of a —-20 °C bacterial stock
and cultivate twice for 24 h at 30 °C under agitation.

Adjust the bacterial suspension to an OD600 nm=0.01 in
TSB using a spectrophotometer.
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3.2 High-Throughput
Structural Analysis of
P, aeruginosa Biofilms

3.2.1 Fluorescent
Labeling

3.2.2 Structural CLSM
Analysis of Biofilms

3.

Fill the wells of the pClear® microtiter plate with 250 pl of
adjusted suspension and keep for 1 h at 30 °C to enable bacterial
adhesion. Three wells per each bacterial strain are a minimum.

. After adhesion, rinse the wells twice with 250 pl of 150 mM

NaCl to eliminate any non-adherent bacteria and refill wells

with 250 pl of fresh TSB.

. Incubate the microtiter plate at 30 °C for 24 h to enable bio-

film development.

The structure of the biofilms formed by 20 strains of P. aeruginosa
isolated from hospitalized patients were analyzed using microtiter
plate compatible to high-resolution confocal imaging.

1.

After biofilm development, gently rinse microtiter wells with
250 pl of 150 mM NaCl.

. Gently refill wells with 250 ul of TSB containing Syto 9 fluo-

rescent nucleic acid marker (1:1,000 dilution from a commer-
cial stock solution at 5 mM in DMSO) (see Note 6).

. Incubate the microtiter in the dark at 30 °C for 20 min to

enable fluorescence labeling of the bacteria.

Gently rinse the wells with 250 pl of fresh TSB medium.

. Start the confocal microscope, and switch on the argon laser at

least 1 h before the beginning of the experiment to reach
power and stabilize.

In the CLSM dedicated software, select an objective with a
numerical aperture of 0.8 or higher (see Note 7).

. Set the image resolution on 512x512 pixels and the acquisi-

tion scanning rate at 400 Hz (see Note 8).

4. Set the argon laser on 25 % of its maximum intensity.

10.
11.

. Set the software to collect emitted Syto9® fluorescence

between 500 and 600 nm.

Carefully transfer the microtiter plate on the stage of the con-
tocal microscope.

Set the photomultiplier (PMT) gain to adjust the level of the
collected fluorescence.

. Select in the CLSM software, the 3D acquisition mode

enabling to make stacks of X7 horizontal planed images
throughout the depth of the biofilm.

Scan the biofilm on the Z-axis to find and fix the upper and
lower limit of Z-scan (see Note 9).

Select a Z-step of 1 pm.
Select a line average of 2 (see Note 10).
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3.2.3 3D Reconstruction
of Biofilms

3.2.4  Extraction of
Structural Parameters from
CLSM Images and
Statistical Analysis

12. Launch scan to localize a structure of interest in the biofilm
and to readjust PMT gain of collected fluorescence if required.

13. Launch 3D scans at the selected area in the well.

14. Make at least two scans per well and for at least three different
wells per each strain.

Different software can be used to perform 3D reconstruction of
biofilm directly from confocal image series and have their own pro-
cedure. We present here a typical sequential procedure used with
the software IMARIS® (Bitplane), a commercial software widely
used by biofilm researchers.

1. In IMARIS® software, open the image series of interest by
clicking on “open” icon and selecting the corrected file series
on the hard disk (see Note 11).

2. Click on “image processing,” and select the item “background
subtraction.” Leave the settings as they are.

3. Click on the “Slice” tab, and select “Easy 3D” mode.

4. Go to the “Snapshot” mode by clicking on the corresponding
item, and click on “snapshot” icon to take a picture.

5. Record the picture in the appropriate folder under the
desired name.

Figure 1 shows 3D projections of biofilm structure obtained
for the 20 clinical strains of P. aeruginosa from confocal Z-stacks
using IMARIS software and “Easy 3D” mode.

Different software enable the extraction of structural parameters
directly from confocal image series. We present here the procedure
performed with COMSTAT2 (http://www.comstat.dk/), a free-
ware which runs as a Java program under the software Image] (ver-
sion 1.43) (see Note 12).

1. Launch Image] software.

2. In Image], click on “Plugins” tab on menu bar and select
Comstat2 item.

3. Open confocal file series by clicking on “Add” and selecting
the folder containing the image series of interest.

4. In Comstat2 menu, select the options “Automatic threshold-
ing (Otsu’s method)” and “Connected Volume Filtering”
and check the box corresponding to the parameter(s) that
should be extracted from CLSM images series (for example
“Biomass,” “Maximum Thickness,” or “Dimensionless
Roughness Coefficient”).

5. Click on the button “Go.”

6. The results calculated are automatically recorded in a .txt files
in the folder containing the corresponding image series.


http://www.comstat.dk/
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Fig. 1 3D reconstruction of biofilm formed by 20 clinical strains of P aeruginosa

7.

Statistical analysis as principal component analysis (PCA) for
example can be performed on a large number of strains using
the different parameter extract to cluster individual and to
identify singular biofilm phenotypes.

3.3 Visualization of In this part, we focus on the reactivity of one P. aeruginosa strain
Spatiotemporal (n°3) to benzalkonium chloride Cl4 using a time-lapse CLSM
Activity Pattern of method enabling the direct visualization of biocide activity within
Biocides in Biofilms tridimensional biofilm structure.

3.3.1 Biocide Solution 1.

Preparation

2.

Weigh the commercial biocide powder (here benzalkonium
chloride C14, anhydrous, >99.0 %) and solubilize in distilled
sterilized water to reach a concentration twofold higher than
final desired concentration. In this example, 1 g of biocide
powder was diluted in 100 ml of distilled water because the
final challenge concentration desired was 5 g/1.

Keep the biocide solution at 4 °C until utilization (see Note 13).

3.3.2  Fuorescent 1. After biofilm development, gently rinse microtiter wells with

Labeling

2.

250 pl of 150 mM NaCl.

Gently refill wells with 100 pl of solution containing
Chemchrome V6 (1:100 of commercial solution diluted in
Chemsol B16 buffer) (see Note 14).
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3.3.3 Time-Lapse
Monitoring of Biocide
Activity Within Biofilm

3.3.4 Image Analysis and
Data Processing

. Incubate the microtiter in the dark at 30 °C for 1 h in order to

reach fluorescence equilibrium (see Note 15).

After fluorescent labeling, gently rinse and refill the wells with
100 pl Chemsol B16 buffer in order to eliminate any excess of
Chemchrome V6 marker.

. Start the confocal microscope, and switch on the argon laser at

least 1 h before the beginning of the experiment to reach
power and stabilize.

. In the CLSM dedicated software, select an objective with a

numerical aperture of 0.8 or higher.

. Set the image resolution on 512x512 pixels and the acquisi-

tion scanning rate at 800 Hz (se¢ Note 16).

4. Set the argon laser on 10 % of its maximum intensity.

10.

11.

12.

13.

Set the software to collect emitted V6 Chemchrome fluores-
cence between 500 and 600 nm.

. Carefully transfer the microtiter plate on the stage of the con-

focal microscope.

Set the PMT gain to adjust the level of the collected
fluorescence.

. Select in the CLSM software the acquisition mode enabling to

scan biofilm in function of time (time-lapse scans).
Select a time of 15 s between two scans (see Note 17).

First, launch a time-lapse scan without adding biocide in order
to check that confocal scanning alone did not lead to a decrease
of fluorescence (see Note 18).

Once the CLSM parameters are checked launch scan to local-
ize a structure of interest in the biofilm and to readjust PMT
gain of collected fluorescence if required.

Launch time-lapse scans, and immediately after the comple-
tion of the first scan, very gently introduce 100 pl of biocide
solution in the well (sec Note 19).

Monitor the loss of fluorescence in the structure which is
recorded.

The processing of confocal images is highly dependent on the bio-
logical question which would like to be addressed. We suggest here
a model of treatment to visualize the spatial patterns of biocide
action in biofilms and to extract inactivation dynamic parameters
from CLSM fluorescence data.

1.

Visualize and quantify the intensity of Chemchrome V6 green
fluorescence within the biofilm cluster directly from time-lapse
images series using confocal microscope integrated software.
In this aim, select different small square areas of 100 pm2
(10 x 10 pm) at different locations in the structure where fluo-
rescence intensity data are captured in function of time.
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Fig. 2 Visualization of Chemchrome V6 fluorescence loss in P. aeruginosa biofilm during treatment with 0.5 %
benzalkonium chloride C14 after 0, 60, 120, and 160 s. Images were recorded ~5 pm above the bottom of the
well. Three squares are indicated in red and correspond to the three areas where fluorescent data were extracted

As an illustration, time-lapse image sequence obtained with a
Leica SP2 confocal microscope and the Leica LCS software (Leica
microsystems) and showing the action of benzalkonium chloride
C14 (0.5 %) in P, aeruginosa biofilm is presented in Fig. 2.

. Export the fluorescence intensity data in .z« file for the differ-

ent areas selected.

. Import the .zxz file in Microsoft Excel® spreadsheet.

4. Use GinaFIT to model inactivation kinetics in the different

areas selected. For this, choose the adequate survival model
and fit it to the fluorescence intensity values. In this example,
fluorescence intensity curves were fitted with the “shoul-
der +log-linear + tail” inactivation model.

. Extract inactivation parameters from the fitting: here, S, the

shoulder length which corresponds to the length of the lag
phase, and %, the inactivation rate.

Figure 3 shows curves of normalized fluorescence in func-
tion of time in the three areas selected obtained with P. aeru-
ginosn biofilms treated with benzalkonium chloride C14
(0.5 %). Fitted GinaFIT inactivation model and extracted
inactivation parameters Sl and £, are also indicated.

. The quantitative kinetics parameters can then be used to make

statistical analysis and compare different experiments, bacterial
strains, or experimental conditions.

4 Notes

. Chemchrome V6 is a nonfluorescent compound (carboxyflu-

orescein diacetate) that is taken up by metabolically active
cells and cleaved by intracellular esterases to yield an intensely
green fluorescent product (carboxyfluorescein). Conserve
Chemchrome V6 commercial solution at 4 °C.

. In Gram-negative strains, and particularly Pseudomonas sp.,

intense efflux pump activity can lead to the release of fluores-
cent residues from the cells, so that a stable and intense level
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Normalized fluorescence intensity

area Sl(min) K, (min7)

0 20 40 60 80 100 120 140 160 180 200 220
Time (s)

Fig. 3 Quantification of fluorescence intensity during benzalkonium chloride C14
treatment (0.5 %). The values shown represent the loss of fluorescence at three
different areas in the biofilm: 1 (black squares), 2 (grey squares), and 3 (white
squares). Two inactivation parameters, Sl (shoulder length) and k., (inactivation
rate), were obtained after fitting GinaFIT “shoulder + log-linear + tail” inactivation
model to fluorescence experimental data and are represented for each area
(dotted lines)

of'intracellular fluorescence cannot be achieved. Chemsol B16
buffer can block efflux pump activity and thus maintain fluo-
rophores inside the cells.

. This technique is only compatible with biocides that lead to

the disruption of cell membrane integrity.

. The microtiter plate biofilm device used here to grow biofilm

required a stage to be mounted on the microscope which may
not be provided with the confocal microscope. This stage can
be provided by contacting the microscope manufacturers.

. GinaFIT can be freely obtained at this link: http: //cit.kuleuven.

be/biotec/downloads.php. A manual detailing the installation
of the freeware add-in in Microsoft Excel is also provided.

. Syto9 is a nucleic acid fluorescent marker which intercalates

DNA leading to a green fluorescence. A wide range of Syto®
fluorescent markers are available and correspond to various
excitation and emission wavelength. Commercial solution
should be conserved at -20 °C.

Note that a numerical aperture of 0.8 is a minimum, and
higher numerical apertures of 1.2 or 1.4 are preferred to
obtain images with a good resolution.

. Such pixel resolution and scan rate provide satisfying image

quality standard for 3D reconstruction. However, image quality
can be improved if needed by selecting a higher pixel resolution
(1,024 x 1,024 or even 2,048 x2,048) and also by decreasing
scan rate to 200 Hz. Acquisition time will thus be increased.


http://cit.kuleuven.be/biotec/downloads.php
http://cit.kuleuven.be/biotec/downloads.php
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

When fixing the upper and lower Z-limit of the scan, it is
recommended to take a ten of micrometers more than the
apparent limits.

Line average was used to decrease noise and thus increase image
quality, especially when the laser gain is high due to the low fluo-
rescent signal. A line average of 2 means that the confocal micros-
copy takes two scans and then makes the average of the two scan
to constitute on image. This value proved to be well adapted (and
most of the time line average of 1 is sufficient) in the case of Syto9
because the fluorescent signal is generally good.

IMARIS supported many file formats as those obtained with
different microscopes commonly used in biofilm research
(Leica, Zeiss, Olympus, Nikon, etc.).

COMSTAT?2 program and installation files are available at this
address: http: //www.comstat.dk /.

Prepare a fresh biocide solution for each new experiment due to
the potential loss of activity for certain compounds in diluted solu-
tions, and keep it at 4 °C between preparation and utilization.

Prepare a fresh staining solution for each experiment, and keep
it at 4 °C between preparation and utilization.

This incubation time and temperature were determined to reach
a stable and high level of fluorescence for Pseudomonas aerugi-
nosa. By studying other bacteria, these parameters may be modi-
fied, and we recommend performing several tests before
experiments to determine specifically the optimal time and tem-
perature for staining with respect to the bacteria strain used.

We found that such pixel resolution image and scanning rate
enable to obtain a good resolution along with sufficient speed
of acquisition comparing to the dynamic of activity of benzal-
konium chloride C14 in P. aeruginosa biofilm. However, the
use of other biocides and/or bacteria is required to slightly
adapt image resolution or scanning rate to find optimal set-
tings if the inactivation dynamic is faster or slower.

This z-step time should be modified in function of the dynamic
of action of the biocide used. It is thus required to perform
preliminary experiments to determine the speed and the dura-
tion of the inactivation dynamic and thus to fix this value.

A loss of fluorescence inferior to 5 % for duration of experi-
ment of 30 min is appropriate. Beyond this threshold, laser
intensity should be decreased in order to avoid photobleach-
ing due to the acquisition scan.

The introduction of the biocide solution in the well is a critical
step which can disturb biofilm structure. Therefore, it is rec-
ommended to add very gently the biocide into the well with
the help of the edge of the well.


http://www.comstat.dk/
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Chapter 19

Chip Calorimetry for Evaluation of Biofilm Treatment
with Biocides, Antibiotics, and Biological Agents

Frida Mariana Morais, Friederike Buchholz, and Thomas Maskow

Abstract

Any growth or bioconversion in biofilms is accompanied by the release of heat. The heat (in J) is tightly
related to the stoichiometry of the respective process via law of Hess, and the heat production rate (in W
or J /s) is additionally related to the process kinetics. This heat and the heat production rate can nowadays
be measured by modern calorimetry with extremely high sensitivity. Flow-through calorimetry allows the
measurement of bioprocesses in biofilms in real time, without the need of invasive sample preparation and
disturbing of biofilm processes. Furthermore, it can be applied for long-term measurements and is even
applicable to turbid media. Chip or miniaturized calorimeters have the additional advantages of extremely
short thermal equilibration times and the requirement of very small amounts of media and chemicals. The
precision of flow-through chip calorimeters (about 3 mW /L) allows the detection of early stages of biofilm
development (about 10° bacteria cm™2).

Key words Calorimetry, Antibiotic, Biocides, Antimicrobial agents, Activity measurement,
Susceptibility testing, Noninvasive, Real-time monitoring

1 Introduction

Difterent monitoring technologies that were developed over the last
years are explained in detail in this book. These technologies deliver
information on different levels (L1, deposition of material, but no
differentiation between organic and inorganic material and microor-
ganisms; L2, distinction between biotic and abiotic components;
L3, detailed information about the chemical composition of the
deposit or direct access to the microorganisms; 1.4, discrimination
between living and dead microorganisms). A detailed overview
about these information levels and the related monitoring technolo-
gies is given by Flemming [1]. Calorimetry is a unique method
because it provides direct access to the activity of the microorgan-
isms and thus complements these other methods perfectly. For
instance, viability (determined by plate counts), cell numbers (quan-
tified from confocal laser scanning microscopy images), or biomass

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_19, © Springer Science+Business Media New York 2014
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(determined with crystal violet) combined with calorimetry provides
valuable information about biofilm resistance against treatments
with antibiotics or biological agents. Furthermore, widely used
methods to investigate the antibiotic effect on biofilms (e.g., plate
counts and ATP measurements) are adapted from the methods for
planktonic cells. This adaptation requires the disintegration of the
biofilm structure which can lead to inaccurate results. ATP measure-
ments are related to the biomass deposit and to the energy charge of
the cells. Plate counts give information about viability. Both are not
necessarily related to the metabolic activity. Calorimetry uses heat as
measuring parameter, and heat is in case of aerobic growth—via
the oxycaloric equivalent (about —460 kJ/mol O, [2])—directly
related with the catabolic side of the metabolism (i.c., electron
transport phosphorylation). The reaction heat (in J) of biofilm pro-
cesses is, via law of Hess, related to the stoichiometry of the total
rates of substrate consumption and formation of any products (bio-
mass, EPS, signalling molecules etc.). The heat production rate (in
W) equals the product of reaction heat and respective reaction rate.
Thus, alterations in metabolic activities in the biofilm are immedi-
ately reflected by changing heat production rates [ 3].

Despite the clear advantages of calorimetry and the proot of the
principle since more as 150 years ago [4, 5], the first applications to
biofilms were reported in the early 1990s [6-9]. Buchholz et al.
[10] evaluated in detail the role and level of information of calorim-
etry in comparison to other biofilm investigation methods.

Undesired biofilms are very frequently treated with chemical
agents (biocides or antibiotics) but also with biological agents
(e.g., grazing microorganisms, phages, enzyme solutions).
Antibiotic treatments, for instance, influence the heat production
rate of biofilms in two different directions. Firstly, the expected
effect of antibiotic treatment is, in case of bactericides, the killing
of cells, which leads to the decrease of heat production rate simply
due to the reduction of cell number. Also in case of bacteriostatics,
heat production rate is expected to decline because further growth
of biofilm is inhibited and thus the number of dying cells is not
compensated by the formation of new cells. Basically similar effects
are expected from the treatment of biofilms with biological agents
(e.g., predatory bacteria or phages).

Secondly, the metabolically active microorganisms in biofilms
resist antibiotic treatment by means of energy-demanding efflux
pumps, by target modification, or by chemical modification of the
antibiotic. Most of these countermeasures are energy dependent
and need ATP or reduction equivalents. These requirements drive
the electron transport phosphorylation and thereby enhance the
cell-specific heat production rate. Both contradicting heat effects
overlap in the final heat signal. Thus, careful interpretation of the
heat signal and comparison of the heat signal with viability, number
of cells, or ATP content provide some information on the respec-
tive antibiotic resistance mechanism. This is more deeply analyzed
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and explained by Buchholz et al. [11] and Mariana et al. [12].
In case of biofilm treatment with predatory bacteria, the cell-
specific heat production rate is reduced due to the disintegration of
the cell membrane by the predatory bacteria as reported by
Buchholz and co-workers [13]. In the following, chip calorimetry
is introduced as a method to evaluate biofilm treatments.

A chip calorimeter is a miniaturized calorimeter, designed as a
flow-through system which serves the purpose of biofilm establish-
ment ([14]; Fig. 1). The centerpiece of the device is a silicon chip

a Biofilm Chamber Two-stage
PMMA foil MESTIOREe

1

Cold Hot
junction junction

Rim, heat sink

Thermopile Electrical heater

ermostats é
Chamber

Silicon chip

Fig. 1 The schematic front view of the chip calorimetric core (a); the calorimetric unit with opened lids ()
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with membrane-integrated thermophiles, which are responsible for
the conversion of heat dissipated from the measuring chamber into
voltage signals. The chamber will be placed on the chip during the
measurement. The static air condition inside the calorimeter pro-
vides good insulation, so the heat transfer focuses in the contact
area. The lids of the calorimeter serve as thermostat and maintain
the working temperature with an accuracy of £10-° K. The device
is connected to a high-precision syringe pump to allow a regulated
flow-through system. Working temperature, the flow pattern of
the fluidic, and the data acquisition are computer controlled and
predefined in the MATLAB program prior to the experiments.
A more detailed overview about the working principles of chip
calorimetry, the strengths and weaknesses, and the potential appli-
cations is given by Maskow et al. [15].

For the desired applications, the precultivated chamber is
placed on the chip, connected to the fluidic system to allow the
flow through of the growth media (for the biofilm maturation
step) or media containing antimicrobial agents (for the treat-
ment step).

The first injection is made after the thermal equilibrium is
achieved, which is visible as a stabile baseline. The injection of media
causes a short signal disturbance (seen in Fig. 2 as an endothermic
peak). The metabolism of the nutrients in the media is accompanied
by a heat release; thus, the exothermic metabolism governs the sig-
nal after the disturbance. Oxygen limitation in the chamber ends
the metabolism and brings the signal back to the baseline until the
next injection (Fig. 2). The signal shift is determined by the

— Start of injection endothermal -

Start of waiting period

A
s T P ~

2 )
:stgnaf shift W -
A

Voltage
[

exothemal

1 1 1

Time

Fig. 2 Two examples of signal shifts induced by the injection of the medium.
During the injection, the imperfect working heat exchanger causes an endother-
mal signal. After stop of the injection (waiting period), the exothermal metabolic
heat production defines the signal. The magnitude of the signal shifts reflects the
degree of biofilm activity
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microbial activity in the chamber. Active biofilms have higher
metabolic rate; thus, the signal shift is higher and the oxygen
depletes faster, accordingly. Less active biofilms (biofilms with less
active cells or biofilms with a decreased specific activity per cell)
show shallower signals and take longer to return to the baseline.

2 Materials

Here, we exemplary illustrate the application of chip calorimetry
to evaluate the treatment of Psendomonas putida biofilm with
antibiotics. Other biofilms can be similarly produced. Biofilm
treatment with other agents such as biocides, grazing microor-
ganisms, or phages follows the identical procedure (and can be

modified it desired).
1. Test strain ( Pseudomonas putida PaW340).

2. Suitable complex media (Luria-Bertani /LB media) and defined
media (NH,CI (764), CaCl,.6H,O (5.5), KH,PO, (340),
KHPO, (435), MgCL.6H,O (59), ZnCl, (0.21), MnCl,
(0.46), CuCl, (0.42), Na,M00O,.2H,0O (0.25), FeCl;.6H,O
(4.0), sodium benzoate (600), and tryptophan (20). All num-
bers are in mg/L).

3. Syringe pump (see Note 1).

4. Chip calorimetric chambers+ PMMA foil (50-um thickness)
(see Note 2). Only one chamber is needed for calorimetric
measurement. If reference experiments are planned, prepare
several chambers in parallel to attain identical conditions.

5. Tygon tube (diameter 0.25 mm) to connect the chambers
(e.g., to the syringes or in the calorimeter).

6. Disposable syringes of 5 and 10 mL.
7. Cannula.

8. Disinfectant: mixture of ethanol/water/sulfuric acid
(1:0.41:0.01).

9. Phosphate buffer.
10. Antibiotic stock solutions.
11. Liquid paraffin.

12. Chip calorimetric device.

3 Methods
3.1 Precultivation 1. Cultivate the test strain in 20 mL suitable medium using 100-mL
of Biofilms Erlenmeyer flask overnight on the rotation shaker (150 rpm at

suitable temperature, e.g., 30 °C).
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Chambers
(with flow channel in the middle)

Cannulas i Waste

Disposable syringes  Tygon tubes Tygo‘r':l tubes

Fig. 3 Schematic arrangement of the biofilm precultivation. Several chambers
are prepared at the same time and treated identically. One of them will later be
measured chip calorimetrically, and the others serve for reference analysis

2. Prepare the precultivation arrangement as seen in the Fig. 3.

3. Disinfection process: Fill the 5-mL syringes with 3 mL disin-
fectant solution. Pump the disinfectant solution through the
arrangement for 20—40 min (see Note 3) with a continuous
flow rate of 3 mL/h. Afterwards, replace the syringes asepti-
cally with syringes filled with 5 mL phosphate buffer. Pump
the phosphate buffer at the same flow rate through the setup
tor 30 min. Check with pH paper if the neutralization was
sufficient.

4. Meanwhile, prepare cell solution with cell concentration of
about 7 x 107 cells/mL (OD 0.2 in case of P, putida) in defined
media. Fill 5-mL syringes with 3 mL cell suspension.
Additionally, pull 1 mL aseptic air into the syringes to preclude
limitation of oxygen.

5. Initial attachment process: Pump cell suspension through the
chamber continuously at flow rate of 3 mL/h for 90 min.

6. Biofilm maturation process: Replace the syringes by 10-mL
syringes containing cell-free media. Pump the media in stop-
flow modus consisting of waiting periods and 30-s injection
periods at flow rate of 6 mL/h (=50 pL suspension) every
30 min. After 24 h, disconnect one chamber to put it into the
calorimeter (see Subheading 3.2); the biofilm maturation is
continued for the next 24 h. Chambers for reference analysis
are treated identically as the one for calorimetric analysis.



3.2 Preparation for
Chip Galorimetric
Measurement

3.3 Chip Calorimetric
Analysis of Antibiotic
Treatments (See Note 6)

3.4 Reference
Analysis of Antibiotic
Treatments

3.5 Analysis and
Interpretation of the
Galorimetric Data
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1. Prior to any measurements, flush the fluidic system of the
calorimeter with ethanol /water /sulfuric acid (1:0.41:0.01) for
30 min for disinfection followed by neutralization with phos-
phate bufter for 30 min. Confirm with pH paper (see Note 4).

2. Before connecting the precultivated chamber, flush the fluidic
system with cell-free medium once to ensure that the complete
fluidic system is only filled with the medium, providing compa-
rable conditions to the arrangement outside the calorimeter.

3. Connect the precultivated chamber, grease the foil side with
liquid paraffin, and place it on the silicon chip with the foil side
facing down and in direct contact to the thermopile mem-
brane. The thin film of liquid paraffin improves the contact
between the cover foil and the thermopile membrane, thereby
maximizing heat transfer.

4. Close the calorimeter and allow 20-30 min for thermal
equilibration.

5. After thermal equilibration is achieved, start the injection of
cell-free media to continue the biofilm maturation process.
This should be identical to the maturation process outside the
calorimeter: injection of 50 pL medium at a flow rate of
6 mL/h every 30 min (se¢ Note 5).

After 48 h of biofilm maturation, replace the medium with
antibiotic solution (se¢ Note 7). The same injection/waiting
periods are used. The experiment can be terminated when the
biofilm eradication of biofilms is successful, indicated by the
decrease of the heat signal (see Note 8).

The chambers outside the calorimeter serve as reference. Depending
on the reference methods chosen (e.g., CLSM, ATP content, or
plate counts), detach one or more reference chambers and process
them as needed.

Use the MATLAB program to collect signal shifts and generate a
profile of heat production rate throughout the experiment and
compare it to the result of reference analysis to get more insight
into metabolic changes (Fig. 4).

4 Notes

1. A peristaltic pump can be used instead of syringe pump.
However, the dosage is more precise with a syringe pump.

2. The chambers should be prepared in advance. Apply epoxy-
based resin (Epo-Tek® 301, Epoxy Technology, Inc., MA.
It consists of two components, which are mixed in 4:1 ratio
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Fig. 4 Signal shifts gained from every injection over the measurement duration
are collected and plotted against the elapsed time to generate an activity profile.
For further calculation, the signal shift (in V) can be converted into heat produc-
tion rate (in uW) using a factor accounting for the sensitivity of the instrument
(0.1205 V/W for our instrument). The sensitivity can be determined by chemical
calibration

by weight prior to the application, as stated in the product
guideline) to fix the cover foil (25 x4.5 mm) on the chamber.
Let the chambers dry for 1-2 h at 60 °C.

. Flushing the chamber with disinfectant solution too long

might disperse the glue between the chamber and the cover
foil, thus causing leaks.

. For the disinfection process of the fluidic system in the calo-

rimeter, connect the ends of the open tubes, where the cham-
ber will be connected later.

. The injection/waiting period can be adjusted if necessary.

However, it is important to keep it identical with the reference
outside the calorimeter. The waiting period chosen should
allow the injection signal to return to the baseline.

. Besides the study of biofilms treated with antibiotics, this

method can be used to study a variety of inhibiting or promot-
ing influences (e.g., biological agents like phages or predatory
bacteria, other chemicals, etc.). To do so, use the desired agent
instead of the antibiotic solution and proceed as described.

. The antibiotic solutions can be prepared in desired concentra-

tions by mixing antibiotics stock with medium. The solution
should not contain alcoholic solvent because their addition to
solvent-free medium causes considerable mixing heat. If it is
necessary, prepare medium that contains identical fraction of
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solvent and perform a control experiment in the calorimeter to
ensure that no mixing heat is generated.

8. To study the regrowth of biofilm after antibiotic treatment,
prolong the experiment duration as necessary. If required,
change the antibiotic solution to antibiotic-free medium.
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Chapter 20

Bacteriophage Attack as an Anti-biofilm Strategy

Sanna Sillankorva and Joana Azeredo

Abstract

Bacteriophages are bacterial viruses. Bacteriophages replicate inside their target host whether this is in
planktonic or biofilm forms. Here, we describe the methods used to control readily formed biofilms using
bacteriophages.

Key words Bacteriophage, Biofilm, Control

1 Introduction

Bacteriophages are bacterial viruses that infect bacteria and can be
used as biocontrol agents targeting bacterial cells either in suspen-
sion or in biofilm. The vast majority of known bacteriophages
(96 %) belong to the Candovirales order which encompasses
dsDNA-tailed bacteriophages [1]. These phages start their infec-
tion cycles upon specifically binding to bacterial receptors displayed
at the cell surface and inject their nucleic acid into the cell
cytoplasm. There are two main bacteriophage life cycles—lytic and
lysogenic. Lytic or virulent bacteriophages reproduce within the
host and induce lysis, resulting in the release of progeny bacterio-
phages that start another round of infection. Temperate bacterio-
phages integrate their prophage into the chromosome or other
replicon of the host bacteria which, through cell division, pass the
bacteriophage genome (prophage) to daughter cells [2]. Only lytic
bacteriophages are of interest for bacterial biocontrol [3]. The bac-
teriophage plaques can vary in turbidity and size depending on the
bacteriophage characteristics, the host physiological state, and the
growth conditions. Furthermore, plaques can sometimes be sur-
rounded by a halo, an indicative of genes encoding for extracellular
polymeric substances (EPS) depolymerase within the bacterio-
phage genome [4]. Bacteriophages that exhibit this type of charac-
teristic are particularly useful for biofilm control because the
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depolymerases released after cell lysis, by disrupting the biofilm
matrix, help bacteriophage to gain access to the inner layers of the
biofilm [5]. Besides the diffusional barrier to bacteriophage pene-
tration imposed by the biofilm matrix, the presence of slow-grow-
ing cells constitutes an extra challenge to bacteriophage etficacy in
biofilms since bacteriophages need the enzymatic machinery of
actively growing cells, replicating faster in exponentially growing
cells [6]. Nevertheless, there are bacteriophages that display an
active life cycle in stationary growing cells, such as T7-like phages,
which is undoubtedly a useful characteristic for biofilm control [7].

Biofilm control can be done by adding a bacteriophage sus-
pension to already formed biofilm. Bacteriophages will diffuse
through the biofilm and cause cell lysis. Along with cell lysis, the
number of bacteriophages increases, and frequently, small portions
of biofilms detach to the planktonic phase. The infection pro-
gresses both in the remaining biofilm and detached cells [8].
Biofilm control can also be made prior to biofilm formation, and in
this case, the substratum surface needs to be coated with bacterio-
phages. The virus particles on the surfaces prevent the colonization
of bacterial cells and thus prevent biofilm formation [9].

In this chapter, we describe all necessary steps for biofilm con-
trol and prevention assays using bacteriophages.

2 Materials

2.1 Bacteriophage
Propagation

In order to use bacteriophages for biofilm control, one must pro-
duce them to have high-titer bacteriophage stocks. Therefore, the
procedure to obtain these stocks has been included in this chapter.

1. Bacteriophage stock.

2. Tissue culture flask(s) (100 cm?) containing a thin agar layer
of LB: Weigh 8.0 g of LB and 4.8 g of agar and pour in a
500 mL bottle. Adjust to 400 mL with distilled water and
autoclave at 121 °C for 15 min. Once the LB agar has cooled
to 42 °C, pour on the tissue culture flasks (see Note 1).

3. Overnight-grown bacteria: Transfer a loopful of the host bac-
terium to 100 mL Erlenmeyers containing 25 mL of sterile LB
and incubate 16 h at the proper host growth temperature.

4. Sterile molten top agar (MTA): Weigh 8.0 gof LB and 2.4 g
of agar and pour in a 500 mL bottle. Adjust to 400 mL with
distilled water and autoclave at 121 °C for 15 min and store
accordingly (see Note 2).

5. Sterile saline magnesium buffer (SM buffer): Prepare 1 M
Tris—HCI buftfer (pH 7.5) in a 100 mL bottle. Weigh 6.06 g
of Tris base, add 50 mL of water, and adjust the pH with HCI
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to 7.5. To a 1 L bottle, add 5.8 g of NaCl, 2.0 g of
MgSO,-7H,0, and 50 mL of the prepared 1 M Tris—-HCI
(pH 7.5) and make up to 1 L with water (se¢e Note 3).
Autoclave at 121 °C for 15 min.

Sterile 50 mL Falcon tubes.
Sterile 200 mL bottle.
Filters 0.2 pm.

Sterile 15 and 50 mL Falcon tubes.

Sterile 500 mL Erlenmeyers.

Sterile 100 and 200 mL bottles.

Filters 0.2 pm.

DNase I.

RNase A.

Solid NaCl.

Solid polyethylene glycol 8000 (PEG 8000).
Chloroform (>99.8 %).

Sterile saline magnesium buffer (SM bulffer).

24-well microplates (see Note 4).

LB medium: Weigh 8.0 g of LB and adjust to 400 mL with
distilled water. Autoclave at 121 °C for 15 min.

. Overnight-grown bacteria: Transfer a loopful of the host bac-

terium to 100 mL Erlenmeyers containing 25 mL of sterile LB
and incubate 16 h at the proper host growth temperature.

4. Sterile cell scrapers.

AR

N =

. Sonication bath.

. Bacteriophage-conditioned 24-well microplates: Add a high

concentration of bacteriophage (>1x10° PFU per mL) to
24-well microplates and leave at least 1 h at room tempera-
ture. Remove all bacteriophage prior to use and wash the
24-well microplate twice with SM buffer.

LB media.
Overnight-grown bacteria.
Sterile cell scrapers.

Sonication bath.

24-well microplates containing biofilms.

. Bacteriophage.

LB medium.
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2.6 Bacteriophage
Titration

2.7 Biofilm Gell

4. Sterile cell scrapers.

921

B =

Sonication bath.

Sterile SM butffer.
96-well microplates.
LB agar plates.

Overnight-grown bacteria.

1. LB agar plates (20 plates).

Enumeration 2. 96-well microplates.
3. Sterile saline solution: To a 1 L bottle, add 9.0 g of NaCl and
make up to 1 L with water. Autoclave at 121 °C for 15 min.
3 Methods

3.1 Bacteriophage
Propagation

3.2 Concentration
and Purification of

Bacteriophage Lysates

Carry out all procedures at room temperature unless otherwise
specified.

1.

9.

Add 1 mL of an overnight-grown culture and 1 mL of diluted
bacteriophage (approximate titer 1 x 10° PFU per mL) in 5 tissue
culture flasks (100 cm?) containing an agar layer of LB and mix
gently.

Incubate for 15 min at the proper temperature to allow bacte-
riophages to adsorb to the host bacterium.

Add 30 mL of MTA (47 °C) and let it harden.

. Incubate overnight, without inverting, at the proper tempera-

ture (see Note 5).

. Add 30 mL of SM buffer to the tissue culture flask(s) (100 cm?)

and incubate a minimum of 5 h at 4 °C under slow agitation
(see Note 6).

Remove the SM buffer with the eluted bacteriophages to
50 mL Falcon tubes.

Centrifuge (9,000x 4, 4 °C, and 10 min).

. Carefully collect the supernatant, and filter (0.2 um) to sterile

or 200 mL bottles.
Store at 4 °C until further use (se¢ Note 7).

This protocol was adapted from Sambrook and Russell [10]; how-
ever, it includes some minor modifications and does not include an
ultracentrifugation step.

1.

To a 200 mL bottle, add 100 mL of bacteriophage lysate
(see Subheading 3.1 step 9) and DNase I and RNase A (1 pg/mL
cach).
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2. Incubate for 30 min at room temperature.

Add 5.84 g of NaCl and mix gently until the NaCl has
dissolved.

4. Incubate at 4 °C or on ice under agitation (50-90 rpm) for 1 h.

10.

11.

12.
13.

14.

. Pour onto 50 mL Falcon tubes and centrifuge (9,000 xy,

4 °C, 10 min).
Collect the supernatant to a 500 mL Erlenmeyer.

Add PEG to the supernatant (10.0 g PEG per 100 mL
solution).

. Incubate 5 h to overnight at 4 °C under gentle agitation

(50-90 rpm).

. Pour onto 50 mL Falcon tubes and centrifuge (9,000 xy,

4 °C, 10 min).

Discard the supernatant and resuspend the pellet, containing
the precipitated bacteriophage particles, in SM buffer contain-
ing 2 % gelatin. Use 6 mL of SM buffer for each 50 mL of
centrifuged sample.

Transfer the bacteriophage solution to 15 mL Falcon tubes
and add chloroform (see Note 8) in a proportion of 1:4 (v/v).
Vortex for 30 s.

Centrifuge (3,500 x4, 4 °C, 5 min).

Recover and filter (0.2 pm) the aqueous phase (upper phase)
which contains the bacteriophage to a 100 mL Falcon tube
and store at 4 °C.

Determine the bacteriophage titer as described in
Subheading 3.6.

. Add to a 24-well microplate 1 mL of'sterile LB media (sec Note 4).

2. Add 10 pL of a bacterial culture adjusted to an ODgg of 1.0.

0 2 N oo

. Incubate at appropriate temperature conditions and under

agitation (120 rpm or at static conditions (0 rpm)) during the
desired period of time (e.g., 24 h—7 days), replacing the
media every 12 h to remove planktonic bacteria and enhance
biofilm formation.

At the end of the desired biofilm formation period, remove all
media.

Wash twice the wells with 1 mL of sterile LB media.

Add 1 mL of LB media.

Use a cell scraper to scrape the biofilm from the well surface.
Put the 24-well microplate on a sonication bath for 30 min.

Quantify the viable cells present in the biofilms as described
below (see Subheading 3.7) (see Note 9).
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3.4 Prevention of

Biofilm Formation with

Bacteriophages

3.5 Biofilm Control
with Bacteriophages

3.6 Bacteriophage
Titration

3.6.1 Bacteriophage
Enumeration by Double
Agar Overlay

1. Add 1 mL of LB to a 24-well microplate conditioned with
bacteriophages.

2. Follow all steps described above for biofilm formation (see
Subheading 3.3).

3. Quantity the number of bacteriophages and viable cells as
described in Subheadings 3.6 and 3.7.

After quantifying the numbers of viable cells in the biofilms, in at
least three independent assays performed in triplicate, the efficacy
of bacteriophages for biofilm control can be evaluated. In order to
maintain the infection parameters identical along the experiments,
a constant initial multiplicity of infection (MOI) must be used.
MO is calculated according to the number of bacteriophages per
number of viable host cells, and, for instance, an MOI of 1 repre-
sents that there is 1 bacteriophage to each host cell (see Note 10).

1. After biofilm formation and washing (Subheading 3.3 step 4),
add 950 pL of LB media and 50 pL of bacteriophage at a
proper concentration in order to have the desired constant
multiplicity of infection (MOI).

2. Incubate at the proper temperature during at least 4 h (see
Note 11).

3. Take samples (Fig. 1a) to quantify the numbers of bacterio-
phages and viable cells (see Subheadings 3.6 and 3.7), respec-
tively, present in the planktonic stage (see Note 12).

4. Remove the spent media and wash twice with sterile LB media.
Add 1 mL of sterile LB media.

. Use a cell scraper to scrape the biofilm from the surface
(Fig. 1b).

7. Put the 24-well microplate on a sonication bath for 30 min.

o o

8. Take samples to quantify the numbers of bacteriophages and
viable cells (see Subheadings 3.6 and 3.7), respectively, present
in the biofilm stage (Fig. 1c¢).

After infection, bacteriophages can be found in both planktonic
and biofilms phases (Fig. 1) and should be quantified.

For bacteriophages producing small plaques (<1-2 mm in
diameter), use the double agar overlay method (Subheading 3.6.1)
[11], and for bacteriophages producing large plaques (>2 mm in
diameter), use the small drop plaque assay (Subheading 3.6.2) [12].

1. Prepare successive serial dilutions (1:10) in SM buffer of the
bacteriophage solutions (add 20 pL of bacteriophage solution
and 180 pL of SM bulffer to a 96-well microplate).

2. Add to a test tube 100 pL of bacteriophage solution, 100 uL
of overnight-grown bacteria, and 3-5 mL of MTA (47 °C)
and tap gently.
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Fig. 1 Final stage of a biofilm control with bacteriophages. (a) Removal of samples
to quantify the bacteriophages and bacteria in the planktonic phase; (b) using a
cell scraper to scrap the biofilm; (¢) removal of samples to quantify the bacterio-
phages and bacteria that were present only in the biofilm phase

3. Pour on an agar plate with LB and swirl carefully.

4. Let the plates dry for 1-2 min.

5. Incubate inverted overnight under optimal temperature

conditions.

6. Count the bacteriophage plaques in the dilution which resulted
in 20-200 plaques.

7. Determine the titer of triplicate preparations according to Eq. 1:

Bacteriophage titre (PFU per mL) =

No. of plaques x Dilution factor

Volume of phage sample (mL)

(1)
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3.6.2 Bacteriophage
Enumeration Using the
Small Drop Plaque Assay

3.7 Biofilm Cell
Enumeration

Nr. of viable cells (CFU per mL) =

p—

AN RSN

6.

. In 96-well microplates, serially dilute the bacteriophage sam-

ples in sterile SM buffer (20 pL of sample in 180 pL of SM
bufter).

. To a 96-well microplate, add 20 pL of diluted bacteriophage

solution and 20 pL of an overnight-grown bacterial culture
and pipet up and down a couple of times.

. Incubate during 5-15 min at the proper growth temperature

and under agitation (120 rpm) to allow bacteriophages to
adsorb to the bacteria.

Pipet up and down a few times and add a drop of 20 pL of the
dilution mixture onto an agar plate with LB.

Allow the drops to dry completely.

. Incubate overnight at the proper growth temperature.

Count the plaques formed in the drop of the dilution with
3-30 bacteriophage plaques.

. Calculate the titer of the bacteriophage of triplicate prepara-

tions using Eq. 1.

In 96-well plates, serially dilute the bacterial samples in sterile
saline solution (20 puL of sample in 180 nL of SM bufter).

. Add a drop of 20 uL of sample on an agar plates containing LB.

Allow the drop to dry completely.
Incubate overnight at the proper growth temperature.

Count the colonies formed in the drop of the dilution with
3-30 colonies.

Calculate the number of viable cells using Eq. 2:

No. of colonies x Dilution factor

Volume of sample (mL)

4 Notes

1.

Bacteriophage propagation can alternatively be done using
Petri dishes. Additionally, the propagation can also be
done by infecting mid-exponential bacterial cells with bac-
teriophages. LB is the suggested medium, however alter-
native media can be used.

. Leave the bottle with MTA at 65 °C if the media is to be used

within 24 h. If planned to be used after 24 h, it is preferable to
let the MTA solidify. Use a water bath (100 °C) or microwave
oven to melt the MTA.

. Optional: 2 % of gelatin (w/v) can be added to SM butffer.

Gelatin is known to preserve bacteriophages and thus can be
used in the later steps of bacteriophage purification.



10.

11.

12.
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. Biofilms can also be formed on a variety of different substrata.

In this case, coupons of the different materials (stainless steel,
rubber, silicone, acrylic, etc.) can be cut and placed on the
wells. Alternatively, other microplates can be used (e.g., 6-well,
48-well, and even 96-well microplates).

. In some circumstances, for example, with T7-like phages, 7 h

is enough, and after this, SM buffer can be added.
The bottle can alternatively be left overnight at 4 °C.

Frequently lysates, such as those obtained after this step, are
used without any further purification.

. Chloroform is used to extract PEG; however, it should be used

with caution as some bacteriophages may be sensitive to it.

It is necessary to quantify the number of viable cells in order
to allow the researcher to use a constant MOI throughout all
the infection assays.

The MOIs commonly used vary between 0.1 and 1,000, but
other bacteriophage—host ratios can be tested.

According to the results from different authors, the maximum
cell lysis is obtained after 4-5 h, and after this point there can
be observed an increase of cell growth due to the present of
phage-resistant phenotypes.

The infection of biofilms with bacteriophages results often in
arelease of cell clusters to the planktonic phase, and therefore,

this should be assessed.
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Chapter 21

Photodynamic Therapy as a Novel Antimicrobial
Strategy Against Biofilm-Based Nosocomial Infections:
Study Protocols

Francesco Giuliani

Abstract

Hospital-acquired infections (HAIs), also known as nosocomial infections, are one of the most serious
health-care issues currently influencing health-care costs. Among them, those sustained by microbial bio-
film represent a major public health concern. Here, we describe the experimental protocols for microbial
biofilm inactivation relying on antimicrobial photodynamic therapy (APDT) as a new strategy for the
control of these kinds of infections.

Key words Antimicrobial photodynamic therapy (APDT), Photosensitizer (PS), RLP068/Cl,
Staphylococcus aureus, Pseudomonas aeruginosa

1 Introduction

Health-care-associated infections are the fourth leading cause of
disease in industrialized country and represent one of the major
health issues [1]. Nosocomial (such as hospital-acquired) infec-
tions are the most common complications affecting hospitalized
patients and can lead to longer hospitalization with reduced bed
number availability and of course increasing health-care costs [1].
Many HAIs are associated to microbial biofilms especially those
related to chronic wound and to the use of medical devices such as
urinary catheters, intravascular catheters, and orthopedic implants
[2]. The common hallmark of biofilm-related infections, including
those of indwelling medical devices, is their intrinsically resistance
to host immunity, conventional antimicrobial agents, and biocides
[3, 4]. Bacterial biofilms in fact are known to tolerate levels of
antibiotics 10-1,000 times higher than the MICs of the corre-
sponding planktonic form. In addition, biofilms facilitate the
spread of antibiotic resistance by promoting horizontal gene trans-
fer [4]. For these reasons, standard antimicrobial treatments often

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_21, © Springer Science+Business Media New York 2014

287



288

Francesco Giuliani

Energy

fail in biofilm eradication and chronic infections can arise. Today,
the development of alternative and effective drugs and/or thera-
pies, at a time when the pipeline for new antimicrobials is drying
up, against biofilm-related infections represents one of the major
public health concerns. One example of these relatively novel strat-
egies (therapies) is antimicrobial photodynamic therapy (APDT)
which is expected to be useful in the treatment of acute and chronic
localized infections [ 5, 6]. APDT is a treatment that utilizes a com-
bination of visible light, a chemical known as a photosensitizer
(PS) that is capable of being activated by light, and oxygen, to
achieve a cytotoxic effect. The process involves delivering harmless
visible light of the appropriate wavelength to the PS molecule to
bring to its excited singlet state, which subsequently crosses to a
more stable, lower-energy triplet state. The interaction between
the PS excited states and the endogenous oxygen in the proximity
of the target cells provides the cytotoxic effects through the pro-
duction in situ of reactive oxygen species (ROS) following two
pathways, type I and type II, leading to the formation of free radi-
cals and singlet oxygen, respectively ([7], Fig. 1). The main advan-
tages of APDT are high target specificity provided by the fact that
the PS is localized in the microorganisms without major involve-
ment of the surrounding tissues or cells and by the selection of a
suitable illumination protocol [8], with few undesired side effects
(the drug is inactive in the dark and becomes active only when
exposed to light) [9].

A standard APDT protocol, in fact, includes incubation of the
target cells or diseased tissue with the PS (which is intrinsically non-

Reacfive Oxygen
PS exdited state

Py Species
Ao : Free radicals
PS friplet state
| Infor-system = <(Wpel) }Cellsdemh
: . : Singletoxygen
(typel)
m : Huorescence : re
| FPhosphorence |
v ¥
PS stable configuration

Fig. 1 Mechanism of action of APDT. Production of ROS can follow two different pathways after light activation.
Upon absorption of a photon, the PS goes through its ground state to an excited state. The excited state is
transitory and can undergo intersystem crossing to a more stable lower-energy triplet state or, alternatively,
can return to the ground state by fluorescence emission or heat or both. This PS triplet state may undergo
electron transfer (type I) or energy transfer (type Il) to oxygen to form ROS as hydrogen peroxide (H,0,),
hydroxyl radical (HO®), and superoxide anion (0,) or singlet oxygen, ('0,), respectively, which can kill both
Gram-positive and Gram-negative bacteria
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toxic), followed by a short illumination step to generate ROS respon-
sible for irreversible oxidative damage to essential cellular constituents
of the microorganisms to which the PS is bound. Difterent to antibi-
otics, the short time of incubation of the PS with the microorgan-
isms and the typically multitarget nature of photosensitized
inactivation processes, usually involving a number of membrane pro-
teins and lipid domains, prevent the possible expression of protective
factors (e.g., the biosynthesis of stress proteins), thus minimizing the
risk of the emergence of resistant strains [10].

2 Materials

2.1 Microorganisms

2.2 Equipment

2.3 Buffers,
Reagents, Solutions

The organisms described in the Subheading 2.1 are all classified as
biosafety level two (BL2) with no health risk to laboratory staff if
managed taking standard universal precautions (gloves, laboratory
coat, glasses, and mask) and using a class 2 biosafety cabinet.

All the solutions and media are prepared using Milli-Q water
(prepared by purifying deionized water to obtain a sensitivity of
18 MQ cm at 25 °C) and analytical grade reagents. Store all
reagents and media at room temperature unless otherwise speci-
fied. Waste material should be disposed according to all waste dis-
posal regulations.

1. Gram-positive bacterium Staphylococcus aurens ATCC 6538.
2. Gram-positive bacterium Staphylococcus anrens ATCC 43300.

3. Gram-negative bacterium Pseudomonas aeruginosa PAO1.

In this chapter, we will describe inactivation protocols of bio-
film sustained by S. aurens ATCC 6538 and P. aeruginosa PAO1
tor in vitro experiments and by S. aurens ATCC 43300 for in vivo
procedures (see Note 1).

. Shaking incubator.

. Stationary incubator.

. Class 2 biological safety cabinet.
. Autoclave.

. Centrifuge.

. Light source.

. Vortex mixer.

NN N Ol W N

. Spectrophotometer.

p—

. Tryptic soy broth (TSB). Prepared according to the manufac-
turer’s instructions.

2. Tryptic soy agar (TSA). Prepared according to the manufac-
turer’s instructions.
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Fig. 2 Structural formula of RLP068 chloride. Molecular formula, CggHg4ClsN1,04Zn;
molecular weight, 1,320.52

3.

4.

Saline solution. For 1 L of 1x saline: 9 g of sodium chloride
(NaCl) dissolved in Milli-Q water, to a total volume of 1,000 ml.

Phosphate-buffered saline (PBS). For 1 L of 1x PBS, prepare
as follows: Start with 800 ml of distilled water. Add 8 g of
NaCl. Add 0.2 g of KCI. Add 1.44 g of Na,HPO,. Add 0.24 g
of KH,PO,. Adjust the pH to 7.4 with HCl. Add distilled
water to a total volume of 1 L. Dispense the solution into
aliquots and sterilize by autoclaving (20 min, 121 °C, liquid
cycle). Store at room temperature.

. RLP068 /Cl. For in vitro procedures, RLP068/Cl (Fig. 2),

a tetracationic Zn(II) phthalocyanine chloride (Molteni
Therapeutics, Scandicci, Firenze), was used as the photosensi-
tizer (PS) [11]. RLP068/Cl was dissolved in sterile Milli-Q
water to give a 2.0 mM stock solution and stored at =20 °C in
the dark until used (see Note 2). For in vivo experiments,
RLP0O68/CI was used as a gel formulation for topical applica-
tion (0.3 % w/w). The gel used to deliver compound RLP068
was administered at various percentages of active product
(0.01 %, 0.1 %, 0.3 %, 0.5 % w,/w) containing pharmaceutically
acceptable excipients. The proprietary composition is based on
the use of a mixture of alcohols gelified with an appropriate
amount of a carboxymethyl cellulose polymer. Mice were treated
locally with 25 pL of the gel, corresponding to a dose of 75 pg
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2.5 Disposable
Plasticware

2.6 Animals
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of RLP068 /Cl. RLP068 /Cl is light sensitive and exposure to
ambient light should be avoided (see Note 3).

1. Noncoherent halogen lamp (PDT 1200, Waldmann, Villingen-
Schwenningen, Germany) with a band-pass filter isolating the
600- to 700-nm-wavelength range for in vitro experiments.

2. Diode laser at 689 nm (Ceralas PDT 689 nm /3 W, CeramOptec
GmbH, Bonn, Germany) for in vivo experiments.

1. Sterile 50-ml tubes for carrying out the starting inoculum.
2. Microcentrifuge 1.5-ml tubes for carrying out serial dilutions.

3. Sterile plastic Petri dishes 9 cm in diameter are used to grow
the serial dilutions onto agar medium in order to count bacte-
rial colonies.

CDI1 mice (weight 28-30 g; 4 weeks old) anesthetized by an intra-
peritoneal (i.p.) injection of ketamine 87 mg/kg, acepromazine
2 mg/kg, and atropine 0.066 mg/kg had the hair of the back shaved
and the skin cleansed with 10 % povidone-iodine solution. Using a
0.8-cm (diameter) template, one full-thickness wound was established
through the panniculus carnosus on the back subcutaneous tissue of
each animal. Only one wound per animal was performed [12].

3 Methods

3.1 In Vitro Biofilm
APDT Treatment

1. Biofilm formation. Prepare liquid media (tryptic soy broth
[TSB]) and autoclave. Prepare solid media (tryptic soy agar
[TSA]), autoclave, and pour into Petri dishes (9 cm diameter).
Use a sterile loop to pick a single colony from the agar plate
and put into a 50-ml tube containing 5 ml of TSB. Bacterial
cells were grown at 37 °C with orbital shaking overnight to
allow adequate acration. Cells were harvested by centrifuga-
tion (3,220 x4 for 10 min) and washed twice in phosphate-
buftered saline (PBS) pH 7.4. The cells were then resuspended
in TSB containing 0.5 % glucose to a final concentration of 10°
(see Note 4). For each biofilm experiment, 24 wells, 3 for PS
concentration tested, of a flat-bottomed commercially available
presterilized polystyrene 24-well microtiter plate were inocu-
lated with 1 ml of these cells suspension in duplicate (illumi-
nated and nonilluminated samples) and 3 control wells of
another plate were filled with sterile medium. Following 6 h
of adhesion, the supernatant was removed and wells were
washed twice with 2 ml of PBS to remove nonadherent cells.
Subsequently, 1 ml of fresh medium was added to each well
and the plates were further incubated for 24 h. After incuba-
tion, the medium was removed and the well rinsed as described
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above. 1 ml of fresh medium was added to each well and the
plates were incubated for 24 h more. After 24 h, again remove
the medium, wash the well (see Note 5), and leave the microti-
ter plates to air-dry for 60 min at room temperature in an
inverted position into a biological sterile cabinet for biofilm
fixation (se¢ Note 6).

. Incubation with PSs. Several concentrations of RLP068 /ClI in

PBS ranging from 0.5 to 50 pM (0, 0.5, 1.0, 2.5, 5, 10, 25,
and 50 pM) were used for the experiments. The incubation
time was 60 min at 37 °C (see Note 7). It is reccommended to
protect the microbial biofilm treated with the PS from external
light all along the incubation phase.

. Light delivery. One of the most important issues is to wash the

PS biofilm before illumination, to eliminate the PS excess,
which due to the high extinction coefficient may act as a light
shield thus preventing from the activation of the specifically
bound PS to the biofilm. In our experience, we carry out illu-
mination in PBS after three washes of the samples with the
same buffer to remove the excess of PS. The delivered light
energy was 60 J/cm? (resulting from 10-min illumination at
100 mW /cm?) (see Note 8).

. Sonication. Place the 24-well microtiter plate containing the

microbial biofilms into an ultrasonic bath (the sonicator).
Sonicate on the setting “high” for 5-20 min (the time required
depends on the microorganism being assayed). The vibrations
created by the sonicator transfer first to the water and finally to
the microtiter plate to disrupt biofilm from the bottom of the
wells into the PBS.

. Serial dilution. Once sonication is complete, to obtain a dose—

response curve, illuminated and nonilluminated samples (to
quantify dark toxicity of the PS) were assayed by five serially
tenfold dilution in PBS. This will provide tubes with dilutions
of 1x, 10x, 100x, 1,000x, 10,000x, and 100,000x. Twenty-
five microliter of each dilution is plated on solid growth
medium. After incubation of the plates at 37 °C for 24 h, the
number of CFU was counted and the results multiplied by the
appropriate power of ten to obtain the number of CFU/ml
(Fig. 3).

3.2 InVivo APDT All experiments were performed according to the Principles of
Treatment of Infection =~ Laboratory Animal Care. The experimental protocols were also
Sustained by Biofilm approved by the Institutional Animal Care Committee of the
in Mouse Model Ministry of Health, Italy. All animals were housed in individual

cages under constant temperature (20+4 °C) and humidity
(55+£10 %) with a 12-h light/dark cycle and had access to food
and water ad libitum throughout the study. The environment was
temperature and humidity controlled, with lights on and off at

06:30 and 18:30 h.
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Bacterial biofilm + PS
(different concentrations) in
PBS

X Y N N N

100000 x 10000 x

Incubation in the dark

Serial dilution

l Sonication
5 6

1 2 3 4

-

1x

(1]

1000 x 100 x 10 x

l Plating

Survivers
counts

Fig. 3 Schematic cartoon illustrating an in vitro APDT experiment with RLP068/CI versus bacterial biofilm

1. Preparation of mice. Male CD1 mice were anesthetized by an
intraperitoneal (i.p.) injection of ketamine/acepromazine/
atropine cocktail and shaved on the back. One full-thickness
wound was performed through the panniculus carnosus on the
back subcutaneous tissue of each animal using a template.

2. Establishment of a mouse skin infection (Fig. 4). The MRSA
ATCC 43300 was grown in brain—heart infusion broth. When
bacteria were in the log phase of growth, the suspension was
centrifuged at 1,000xg for 15 min, the supernatant was dis-
carded, and the bacteria were resuspended and diluted into ster-
ile saline to achieve a concentration of approximately 108 CFU/
ml. A gauze (approximately 1 cm?) placed over each wound was
dropped with 100 pL of bacterial suspension (5x107 CFU/ml).
The lesion overlaid with the infected gauze was closed by means
of skin clips, resulting in a local abscess after 2 days. This proce-
dure, as previously described by Kugelberg et al. [13], was per-
formed to establish a superficial skin infection and to enable
better definition and quantification of the infection. The animals
were returned to individual cages and thoroughly examined daily.

3. Experimental design. RLP068 /Cl gel formulation was initially
tested at concentration of 0.01 %, 0.1 %, 0.3 %, and 0.5 % in
order to determine the dose-response curve in terms of local
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. |

Fig. 4 Procedure for in vivo mouse skin infection. (a) Anesthetized mouse is shaved on the back. (b) Following
a template, a full-thickness wound is performed. ( )A gauze is placed over the full-thickness wound and (d) is
dropped with 100 pL of a 5.0 x 107 CFU/ml bacterial suspension. (e) The infected lesion is surgically closed
using sterile skin clips. (f) After 2 days from infection, a local abscess is observable

infection inhibition, immediately after APDT of the infected
wound, at day 2. Subsequently in the main study, APDT was
carried out with 0.3 % RLP068 /ClI gel formulation. The study
included a group of infected mice not receiving any treatment
and two groups of infected mice whose wound were treated,
respectively, with (1) APDT with RLP068 /Cl gel corresponding
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Fig. 5 25 plL of RLP068/CI 0.3 % gel is applied to the wound with a pipette tip

and spread uniformly all over the lesion

to 75 pgand (2) light with placebo gel (the placebo gel contains
all the same excipients of the gel used to deliver RLPO68 with-
out the PS).

. Addition of RLP068/Cl gel formulation (Fig. 5). On day 2
from infection, mice were anesthetized as described above and,
in all animals, the wounds were opened, the gauzes removed,
and the treatment started. The gel containing RLP068/Cl
0.3 % or the placebo gel was applied to the wound of each
animal. The gel formulation was set at 25 pL as this amount
was determined to be sufficient to fully cover the lesion with-
out excess of product, thus avoiding potential attenuation of
the light intensity during illumination by the gel itself, and
thereby attenuating this parameter. The gel was spread uni-
formly on the surface of the lesion and the illumination was
performed after 1 h from the application. This time was con-
sidered sufficient to allow the diffusion of RLP068 from the
gel and to target the bacteria present in the lesion. All topical
treatments were given to a group of ten animals, while a further
group consisting of ten animals remained untreated as the
infection control.

. Light delivery. Mice are illuminated with a diode laser at 698 nm
at a suitable distance from the skin in order to have a light spot
corresponding to a diameter of 4.6 cm. The fluence rate at the
spot level was determined to be 120 mW /cm?. The light dose of
60 J/cm? was administered according to previous experiments
in which this value was determined to be safe for APDT. The
maximum wavelength of the photosensitizer is 690 nm, overlap-
ping with the laser emission of 689 +3 nm (see Note 8).

. At the end of experiment, all the animals were killed with
excess CO,. A 1x2 c¢m area of skin, including the wound, was
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excised aseptically and homogenized in 2 ml saline solution
(NaCl 0.9 %) using an ULTRA-TURRAX (IKA-Werke GmbH,
Staufen, Germany). Quantification of viable bacteria was per-
formed by culturing serial dilutions (0.1 ml) of the bacterial
suspension on blood agar plates. For this purpose, all plates
were incubated at 37 °C for 48 h and evaluated for the pres-
ence of the staphylococcal strain. The bacteria were quantified
by counting the number of CFU per plate. The limit of detec-
tion for this method was approximately 10 CFU /ml.

. Statistical analysis. All results are presented as mean=SD.

Statistical analysis was performed using student’s ¢ test.
Significance was accepted at p<0.05.

4 Notes

. Microbiological strains. Reference strains of most species of

microorganisms can be obtained from several nonprofit biore-
source centers and research organizations. The American Type
Culture Collection (ATCC) (Manassas, VA, USA) is one of the
well-recognized vendors worldwide.

. Antimicrobial PS. There are a large amount of compounds that

have been reported to work as PS. Most of them are cationic
molecule bearing one or more quaternary nitrogen atoms.
These molecules are based on tetrapyrrole nucleus like porphy-
rins [ 14, 15], phthalocyanines [16, 17], or chlorine [ 18] back-
bones. Other important groups of compounds include cationic
synthetic dyes such as phenothiazinium dyes or triarylmethane
dyes. In this chapter, we describe RLP068 /Cl, a tetracationic
Zn(II) phthalocyanine chloride (Molteni Therapeutics,
Scandicci, Firenze) [11].

. Photosensitizer efficacy. It is well known that the PSs in aque-

ous solution, even stored in the dark, are not stable and can
aggregate losing effectiveness as antimicrobial agents. For this
reason, it is recommended to prepare the solutions of PS
shortly before their use.

. Microbiological culture. To reduce the possibility of contami-

nation, this step should be performed using good aseptic tech-
nique or into a biological safety cabinet. Since biofilm formation
is highly susceptible to various in vitro conditions, in order to
minimize errors and provide reliable analysis, it is very impor-
tant to test each PS concentration in triplicate in a single exper-
iment. In addition, the experiment should be carried out three
times.

5. Washing biofilm is another critical step since it is believed to

remove all nonadherent cells while simultaneously providing
preservation of biofilm integrity. There are two important
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points to consider: number of washing and the technique used
for washing. It is clear that insufficient washing may lead
to false-positive results as well as excessive washing may lead to
false-negative results.

. After washing, the mature bacterial biofilm should be fixed.

There are many methods for fixation: Exposing biofilm to hot
air at 60 °C for 60 min appears to be the method of choice due
to its safety. It is known that Bouin’s reagent is the most reli-
able biofilm fixative followed by air-drying (1 h at 60 °C) [19],
but it contains explosive chemicals. Fixation by methanol can
also be used since it has proven to be as effective as Bouin’s
reagent [19]. We found that exposing microtiter plate to air-
dry for 60 min at room temperature into a biological sterile
cabinet leads to a well-fixed biofilm and provides greater pro-
tection for contamination.

. Choice of incubation time. Incubation time of bacterial cells

with PS can be a very free parameter depending on chemical
nature of PS and on the microorganism producer of biofilm
being treated. It has been found that, using RLP068 /Cl as the
PS, 1 his areasonable time for both S. aurensand P. aeruginosa
biofilms.

. Light delivery. The delivered light energy required in the

APDT of microbial biofilm again depends on the bacterial
strain producer of the biofilm and on the technical specifica-
tions of the light source used for the illumination phase.
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Chapter 22

Capturing Air-Water Interface Biofilms for Microscopy
and Molecular Analysis

Margaret C. Henk

Abstract

Described here is a simple and versatile technique for capturing small samples of the thin biofilm that is
located at the meniscus of almost every air-water interface (AWI), an electrostatically distinct aquatic
domain/habitat. The method uses a microscope slide (and other supporting surfaces) coated in the lab
with a collodion membrane, which has a strong affinity for the upper surface of the AWI biofilm. The
structural integrity of the biofilm is maintained during the capture process, and components of the biofilm
are effectively separated from the subtending liquid. The captured thin biofilm can be analyzed in many
ways including almost any form of light, electron, and atomic force optics; and spatially significant molecu-
lar analyses may be performed on the captured biofilm or its components.

Key words Air-water interface, Biofilm, Microscopy, Microbiology, Ecomicrobiology

1 Introduction

One of the more frequently encountered types of biofilm that exist
in nature is also one of the more often overlooked. Underappreciated
partly because the AWI biofilm is thin and difficult to see, a large
percentage of the microbes that reside here may be underestimated
or completely escape detection, either because the biofilms adhere
to the sides of the collection container and thus are lost from the
aquatic sample analysis or because they are purposely avoided and
discarded as fouling “scum.”

The distinctive electrostatic properties of a water meniscus are
responsible for concentrating, physically supporting, and activating
molecules as well as larger living and nonliving particles of many
different kinds, conceivably even providing conditions suitable for
evolution of new life forms here at this thin, mobile interface
between two fluid environments—the atmosphere and the hydro-
sphere. Subjected to extreme variations in physical and chemical
conditions, those organisms living at the AWI have developed

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_22, © Springer Science+Business Media New York 2014
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specializations for this ecological niche, and their community
makeup differs from the bulk aquatic community directly subtend-
ing the meniscus.

This capture method capitalizes on the special affinities of the
hydrophobic upper, aerial surface of any floating natural or lab-
grown AWI biofilm community [1].

Though primarily designed for applications using glass micros-
copy slides, the many possible applications for biofilms captured in
this way include:

(a) Collecting and observing organisms in introductory micro-
biology or ecomicrobiology labs to demonstrate the ubiquity and
diverse morphologies of microbes in nature as well as providing the
ideal sample for introduction to proper use of the student micro-
scope [2]; (b) characterizing microbes with routine microbiology
staining protocols, including Gram staining (slightly modified);
(c) using fluorescent dyes to identify specific organisms, their com-
ponents, or biological processes; and (d) observing living microbes
in situ, usually with interference contrast (Nomarski) microscopy,
to detect cell division, close microbial associations, and predation
by affiliated protozoa, e.g., (e) using scanning and transmission
electron microscopy, as well as atomic force microscopy for physi-
cal and ultrastructural analysis. Portions of the collodion/biofilm
may be removed for (f) analyzing the community as a whole using
molecular analyses or (g) analyzing specific components of the
community selected with laser dissecting microscopy. In addition,
the fact that the captured biofilm is effectively separated from the
rest of the aquatic sample allows for (h) characterizing and com-
paring the two separate communities using any of the above tech-
niques [2].

2 Materials

2.1 Reusable
“Strainer” Apparatus
Gomponents for
Making Gapture Slides

2.2 Components for
the Capture Slide for
Light Optical
Applications

2.3 Mini-substrates

Petri dishes, polystyrene, size 100 mm x 15 mm (Sigma Aldrich).

Simple soldering iron or heat pen with tip about 5 mm in
diameter.

Super Up-Rite glass microscope slides (Fisher Scientific); Whatman
filter paper grade no. 1, 70 mm (Fisher Scientific); sterile 2 %
collodion monomer in amyl acetate (Electron Microscopy
Sciences); disposable glass pipettes (Fisher Scientific); clean,
preferably deionized or distilled, water; forceps for holding
slides; and fine-tip forceps for handling “mini-substrates.”

Appropriate mini-substrates may be positioned upon the slide
before the collodion membrane is applied. The substrates will be
held in place on the slide by the thin collodion membrane and thus
must be relatively small, lightweight, and flat.



2.3.1 Permanent
Mini-substrates
for TEM, SEM, AFM

For TEM

For SEM and AFM

2.3.2 Removable
Mini-substrates

Air-Water Interface Biofilm Capture 303

For grid cleaning: 50 ml glass beaker, 10 ml 95 % acetone, 100 mm
plastic petri dish and lid, 9 cm diameter Whatman filter paper #1.

Copper TEM grids, 400 mesh recommended (Electron Microscopy
Sciences); wooden applicator sticks (Fisher Scientific); regular
brown paper towels.

Appropriate discs or rectangles of heavy-duty aluminum foil or
slide coverslip for particular SEM and AFM stages, each no more
than about 36 mm? in area.

Collected collodion/biofilm for molecular analysis and for
sectionable preparations, etc., may be removed from rigid

for Other Reactions substrates for chemical processing if underlain by absorbent
paper mini-substrates.
Discs or rectangles of Whatman #1 filter paper, each no more than
about 36 mm? in area.
3 Methods

3.1 Reusable
Apparatus: The Petri
Dish Strainer

1. In a fume hood or well-ventilated area, place a number of
plastic petri dish bottoms upside down on paper towel padding
(see Note 1).

2. Use the hot soldering iron to melt about 10-well-spaced drain
holes through each petri dish bottom, quickly pushing the iron
straight down and then back up (see Note 2).

3. Make one hole right at the periphery of the rim to facilitate
rapid draining and drying, as in Fig. 1.

Fig. 1 Melting holes into the “strainer.” Reproduced from [2] with permission
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3.2 Preparing
Gollodion-Membraned
Gollection Slides

. In a well-lighted and well-ventilated room, prepare an

undisturbed work area (see Note 3).

2. Use a pencil to label a frosted-end microscope slide (see Note 4).

. Lay the slide on a paper towel and thoroughly scrub the

“good” side (label up) with a dry lab wipe. Blow off any dust,
and avoid touching the good side (see Note 5).

. Invert the lid of the petri dish on a paper towel, place the per-

forated “strainer” into it, center a 7 mm filter paper disk in the
dish, and place the clean slide on top of the filter paper, label
side up, as in Fig. 2.

. Add about 50 ml clean water to the dish, making sure the slide

is completely immersed (see Note 6). Excessive water will sim-
ply overflow the level of the inverted lid onto the paper
towels.

(If the collection slide will be used for purposes other than
or in addition to light microscopy, se¢ Subheading 3.3 below
before proceeding. Mini-substrates may be positioned at this
point.)

. Use a disposable glass pipette (not a micropipettor) to draw up

about 1 ml of collodion solution for about 20 slides (see Note 7).

. From about 2 in. above the water surface, drop 2-3 drops

onto the center of the water surface in the dish, as in Fig. 3.
The floating liquid should spread out almost to the periphery
of the strainer (se¢ Note 8).

. Move to a good angle above the dish to be able to see rainbow

interference colors form as the liquid evaporates (see Note 9).

. Allow the collodion membrane to dry completely. It may

take up to 5 min. The resulting floating membrane should
be silver /gold colored and perhaps wrinkling at the periphery.
See Fig. 4.

Fig. 2 Components and arrangement of the collodion membrane application
apparatus. Reproduced from [2] with permission
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Fig. 3 Dropping the collodion on the water surface. Reproduced from [2] with
permission

Fig. 4 The floating collodion membrane after the solvent has evaporated.
Reproduced from [2] with permission

10. It may be necessary to nudge the membrane so that a smooth

11.

12.

13.

area is centered above the slide. To do so, use a wooden stick,
and touch the top surface of the membrane near the periphery,
not the edge, or the membrane may adhere to the stick.

Gently lift the strainer straight up out of the water, keeping
it horizontal so that the membrane stays smooth and in
place while the water drains out. The film should settle and
make contact with the slide and the filter paper underlay
(see Note 10).

Lay the strainer on a paper towel, being careful not to disturb
the slide. The membrane should cover most of the slide and
filter paper.

Empty the water from the petri dish lid and invert the lid on a
dry area of paper towel.
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Fig. 5 Draining the freshly prepared slide. Reproduced from [2] with permission

Fig. 6 Removing the slide from the underlying paper. Reproduced from [2] with
permission

14.

15.

16.

17.

Carefully pick up the strainer with its slide still in position,
locate the peripheral hole in the strainer, and prop the assem-
bly against the edge of the lid so that the strainer is slightly
tilted and the peripheral hole is in contact with the paper towel,
allowing for quick drainage, as in Fig. 5.

Air-dry overnight. The filter paper and slide must be com-
pletely dry before a biofilm can be collected (see Note 11).

When the filter paper under the collecting slide looks com-
pletely dry, carefully run a wooden applicator stick along the
edge of the slide, scoring the membrane, so that the slide can
be removed from the filter paper without tearing the thin
membrane. See Fig. 6.

The collodion-membraned capture slide is now ready for use.
Protect the collodion (upper) surface of the slide until the
collection is actually made. The slides may be stored in dry,
covered slide boxes or other containers for many months with-
out deleterious effects (see Note 12).
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to the Gollection Slide

3.3.1  Permanent SEM
and AFM Mini-substrates

3.3.2 Permanent TEM
Mini-substrate
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Any or all of a number of “mini-substrates” may be positioned
upon a given capture slide after step 5 Subheading 3.2 above, but
before the collodion membrane is formed and applied. After the
desired substrates have been positioned, proceed with step 6
Subheading 3.2 above.

If SEM and AFM are to be performed on the collected biofilm,
small pieces of appropriate examination substrate may be positioned
near the end of the slide, leaving space for light microscopy near
the center. Keep in mind that the weight and surface area must not
put too great a strain on the very thin collodion membrane and
cause it to break during biofilm capture.

1. Prepare pieces of clean heavy-duty aluminum foil, glass cover-
slip, carbon sheeting, or the like no more that about 36 mm?
in surface area, following guidelines for the equipment to be
used. All pieces should be as flat as possible (see Note 13).

2. Use clean fine-tip forceps (wipe occasionally with ethanol) to
position 1-3 mini-substrate pieces upon the immersed slide.
The very thin collodion membrane will later sandwich the
pieces in place against the glass slide surface. Make sure that
there is plenty of contact area for the membrane and slide
between multiple mini-substrates, and leave a good space near
the center of the slide for regular microscopic examination, as
in Fig. 7.

3. Return to step 6 Subheading 3.2 above.

If TEM is to be done in the usual fashion for whole mounts on
coated grids, several clean small-mesh grids may be incorporated
into the collection slide.

1. Clean fine-mesh copper grids (size 400 is recommended)
immediately before use by placing them in a small glass beaker,
adding sufficient 95 % acetone to cover them, and swishing

Fig. 7 The appearance of a slide with SEM and AFM mini-substrates sandwiched
under the collodion membrane. Reproduced from [2] with permission
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3.3.3 Removable
Collodion/Biofilm
Mini-substrates

Fig. 8 A capture slide with 2 TEM grids positioned near the end. Reproduced from
[2] with permission

6.

them around for several seconds. Decant off the acetone, invert
the beaker onto clean absorbent filter paper, and allow the
grids to dry and fall onto the paper.

. Transfer and disperse the cleaned grids onto a regular folded

brown paper towel. Use fine-tip forceps to turn them dull side
up, so that later you will be able to tell which side has the bio-
film on it.

. Dip the flat end of a wooden applicator stick into clean water,

and touch it straight down to the dull surface of a grid on the
brown paper towel. The grid should temporarily adhere to the
stick (see Note 14).

. Plunge the stick straight down through the water surface above

the immersed slide to a location near the end. Use the stick to
nudge it slightly if necessary. Care must be taken not to disturb
the grid once it is in position.

. Several grids may be positioned on the same slide, but make

sure there is enough space between them so that the collodion
membrane will be able to bond to the glass in between the
grids and hold them securely in place. See Fig. 8.

Return to step 6 Subheading 3.2 above.

Subsets of captured biofilms may be removed from the slide if filter
paper pieces are sandwiched beneath small areas of the collodion
membrane. Thus, it is possible to carry out molecular analyses or
TEM thin sectioning of the captured biofilm.

1.

2.

Prepare discs or rectangles of Whatman #1 filter paper (prefer-
ably sterile) of no more than about 1 c¢m? in surface area
(see Note 15).

Use clean forceps to position 1-3 pieces of paper toward the
end of the slide, leaving space in between for the membrane to
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contact the slide and plenty of space toward the center of the
slide for light microscopy.

3. Return to step 6 Subheading 3.2 above.

Biofilms may be found in nature or grown in the lab (se¢ Notes 16
and 17). The ideal biofilm for light microscopy observation is
almost invisible on the water surface. It may look like a thin oil film
with typical refraction colors if the observation angle is correct.
Thicker biofilms, although more easily visible to the naked eye, will
be difficult to analyze with light microscopy because the microbes
and other biofilm constituents are heaped together too thickly to
discriminate between individual cells. Other forms of microscopic
or molecular analysis will still be possible, however, even on a
routinely air-dried slide (see Note 18).

1.

Have on hand a protective storage container that will not con-
tact the captured biofilm (e.g., a slide box or tube), clean water
in a container to a depth of about 3 in., and regular lab wipes.

2. Note the label before making the collection.

. Hold the label end of the slide by hand or with tongs, and in

one smooth movement, (a) touch the collodion membrane side
to the biofilm as horizontally as you can; (b) immerse the slide
completely except for the label, rotating it to a vertical position
while doing so; and (c¢) immediately draw it out of the water
vertically. This process should take about 1 s. See Figs. 9 and 10.

. Rinse the slide by completely immersing it (except for the

label) into a container of clean water for 1-2 s, and immedi-
ately draw it out vertically, as in Fig. 11.

. Holding the slide by the edges, wipe off ONLY the bottom

(the non-labeled side) with a lab wipe, as in Fig. 12. Do not
wipe off the captured biofilm on the top!

Fig. 9 Touching the capture slide horizontally to the water surface—capturing
the AWI biofilm. Reproduced from [2] with permission
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Fig. 10 Removing the captured biofilm vertically, without tearing it. Reproduced
from [2] with permission

Fig. 11 Rinsing non-AWI microbes away from the biofilm. Reproduced from [2]
with permission

Fig. 12 Removing water and debris from the back of the slide to keep the micro-
scope clean. Reproduced from [2] with permission
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6. Place the slide in an airy protective container so that the
captured biofilm can air-dry in situ, unless it is to be observed
alive. (see Note 18). The dried biofilm can be stored for days
to months in a suitable container which will protect the exposed
surface until it is analyzed with microscopy or other methods
(see Note 19).

7. Before any light microscopy is done on the captured biofilm,
remove the mini-substrates as directed in the appropriate sec-
tion below.

The thin AWT biofilm is an optimal preparation for introductory
microscopy, and the same slide can be explored with several optical
systems, ranging from basic student microscopes to more
sophisticated fluorescence optics, and including laser dissection
MICroscopy.

Use collections that are no more than about 12 h old to observe
living organisms in good condition positioned as they were in situ
(see Note 20). Figure 13 shows a biofilm from nature observed
within 2 h of capture.

1. Holding a clean coverslip with tweezers or by the edges, place
it on a paper towel. Make sure two are not stuck together.

2. Put a drop of water about the diameter of a pencil eraser
(~50 pl) on the center of the coverslip, and then carefully lower
the slide, biofilm side down, toward it, without laying the slide
completely down on top of the coverslip. Watch instead for the
waterdrop to make contact with the slide, and immediately, the
coverslip will adhere to the slide, with very few air bubbles.

Fig. 13 A live AWI biofilm from nature, showing several varieties of bacteria and
an amoeba which may be preying on them. Nomarski differential contrast optics
were used
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3.5.2 Gram Staining

3. Tilt the slide on edge vertically against the paper towel to drain

off excess water. Lay the slide coverslip side up on the paper
towel to dry off the back of the slide before placing it on the
microscope stage.

. Observe the slide with a properly adjusted microscope

(see Note 21). Notice especially any movement patterns of
microbes, any close associations among two or more types of
morphologically different microbes, and, in a multilayered bio-
film, structural and organismal differences at different focal
planes, etc. With time, some microbes may free themselves from
the biofilm, sometimes assuming different morphologies.

This method differs from routine Gram staining mainly in that it
does not require the use of heat. Some results may differ slightly
from classical results due to components of the biofilm or altered
characteristics of microbes living as members of a biofilm
community, but the biofilm itself will be arrayed as it was in nature,
and additional details may be observed. See Fig. 14 for a typical
Gram stain.

1.

Have on hand the routine Gram stain components, except that
no flame is necessary.

2. Place the dried slide, biofilm up, on a paper towel (see Note 22).

. Place a flat drop of Crystal Violet stain about 1 cm in diameter

on the center of the slide, directly upon a portion of the col-
lected biofilm, avoiding spilling over the side.

. Stain for about 30 s.

. Holding the slide by the label end, gently dip it up and down

into a cup of clean water for 5-10 s to wash out the excess stain
(see Note 23).

Fig. 14 A Gram-stained natural biofilm. Larger red microbes are algae. Copyright
© 2004, American Society for Microbiology. All Rights Reserved. Reproduced by
permission from Henk 2004. Applied and Environmental Microbiology, Apr. 2004,
p. 2486-2493
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. Place a similar-sized drop of Gram’s iodine on the same spot as

before.

. Stain for about 60 s.
. Gently dip the slide up and down in a cup ot 95 % ethyl alcohol

for 3-5 s to decolorize it. (The same alcohol can be used for
several slides.)

. Dip the slide very briefly into a cup of clean water for about

3-5 s to rinse off the alcohol.
Place a flat drop of Safranin stain on the same spot as before.
Stain for about 60 s.

Dip the slide very briefly into a cup of clean water again to
rinse oft the alcohol.

Remove and tilt the slide on edge vertically against the paper
towel to drain off excess water, and then dry off only the bot-
tom of the slide (not the biofilm side) with a lab wipe.

Let it dry on the paper towel, biofilm side up, for at least
10 min.

(a) Insome labs, it is preferred that a coverslip be mounted to
the slide with an oil drop before observing the Gram stain
with the 100x oil immersion lens. In this case, after the
slide has dried for at least 10 min, hold a clean coverslip
with tweezers or by the edges, and place it on a paper
towel. Make sure two are not stuck together. Put a drop of
immersion oil about 3 mm in diameter on the center of the
coverslip, and then carefully lower the slide, biofilm side
down, toward it. When the oil drop makes contact with
the slide, the coverslip will adhere to the slide, with very
few air bubbles.

The AWI biofilm should be readily visible with 10, 20, and
40x objectives, but observation with a 100x oil immersion lens
is optimal. Place an oil drop on the top of the slide (or cover-
slip) using the method prescribed for the particular microscope
(see Note 24).

Gram-positive bacteria usually stain purple, Gram-negative
ones red. However, this is not always the case even under
highly controlled conditions (sec Note 25).

Many fluorescent dyes including immunostains and various
indicator stains can be used on captured AWI biofilms.

DAPI is a very easy fluorescent dye to use with AWI biofilm
collections. Something to keep in mind, however, is that unknown
components or features of the biofilm may cause quenching or
otherwise change staining efficiency from normal lab expectations.
In addition, different organisms may have quite different optimal
stain concentrations. Therefore, use of a concentrated stock
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3.6.2 Other
Fluorescent Dyes

Fig. 15 A natural biofilm captured and stained with fluorescent dyes (DAPI and
Molecular Probes Live/Dead BacLight stains) demonstrating the location of DNA
in the nucleoids and the viability of the microbes. Green fluorescence indicates
the bacteria are alive, and red indicates dead or deactivated bacteria

solution (10 pg/ml water) is recommended in this diffusion
staining technique, especially for preliminary observations.

1. Apply a coverslip to a living or dry biofilm collection slide,
using water only. See Subheading 3.5.1 steps 1 and 2 above.

2. Using a micropipettor, apply a 10 pl drop of DAPI stock solu-
tion to the edge of the coverslip nearest the end of the slide.

3. Cut a small wedge from filter paper and place the point against
the opposite side of the coverslip to draw liquid slowly across
between the slide and coverslip via capillary action.

4. Leaving the paper in place, put the slide in a moist chamber,
e.g., an inverted petri dish with a moist filter paper in the lid,
and leave it in a dim area for about 10 min.

5. Remove the slide, dry the bottom, and observe with UV fluo-
rescence (see Note 26). Figure 15 shows DAPI staining (nucle-
oids look blue) and a “live/dead” stain in which living cells
appear green and dead or dying ones appear red.

Many commercially fluorescent dyes (such as immunofluorescent
stains or live /dead indicator stains) may be successfully applied to
captured AWI biofilm samples. Long incubation periods and
several solution changes may cause the collodion membrane to
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3.7 Useof
Mini-substrates

3.7.1 TEM Grid

Direct Observation
in the TEM

Negative Staining
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separate from the slide, however, so the prescribed protocols may
need to be slightly modified in order to minimize mechanical
disturbance. A small flow-through chamber may be devised using
a product such as Liquid Blocker-Super PAP Pen (Electron
Microscopy Sciences) as per included instructions. The field seen
in Fig. 15 was prepared in this way.

Preliminary studies have been done using laser capture microscopes
to select and remove single cells from thin captured AWI biofilms
or fields of cells from thicker ones for PCR and further analysis.
Although the collodion membrane, which is in direct contact with
the glass slide, is not the recommended, hydrophilic substrate for
laser dissection, selected cells were successfully catapulted into
PCR tube receptacles, but in some cases, dissection was incomplete
and shreds of collodion anchored the selected cells to the slide.
Dissection and capture to an overlain membrane may facilitate the
laser capture process. Particular laser capture devices will have
varying requirements.

Additional substrates that may have been added during the
preparation of the collodion capture slide provide for ways of
analyzing collected biofilms by methods other than light
microscopy. The collodion (and therefore the captured biofilm)
remains attached to the metal substrates that are used for TEM,
SEM, and AFM, but it can be removed from paper substrates and
processed for chemical treatments, such as TEM fixation and
embedding, or for PCR and further molecular analysis.

Addition of a TEM grid during preparation of the collection slide
provides possibilities of many sorts of sample preparation and
observation techniques. After the biofilm has dried on the collection
slide, use fine-tipped TEM forceps to score around the periphery
of the grid and remove it from the slide.

The grid may be observed as is in the TEM to detect high intrinsic
contrast of any metallic components of a thin biofilm. Cubic
metallic nanoparticles are seen in Fig. 16.

The grid may be negatively stained [3] to view bacterial and
archaeal ultrastructure, including morphological features specific
to AWI biofilms, such as flotation morphologies. The method
below makes special considerations for the collodion/biofilm
sample. Figure 17b shows ends of 2 negative-stained microbes
“velcroed” together in a raft-like biofilm.

1. Have on hand 9 cm Whatman #1 filter paper, a 100 mm diam-
eter plastic petri dish, regular matte finish cellophane tape,
fine-tip forceps, Parafilm (EMS), a 15 pl micropipettor, nega-
tive stain such as 2 % aqueous uranyl acetate (EMS), and dis-
tilled water.
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Fig. 16 An unstained TEM preparation from a copper grid mini-substrate. Tiny
dark squares appear to be metallic crystals that have nucleated on the periphery
of this particular bacterium

. Prepare a storage receptacle. Place an absorbent filter paper

circle in an inverted petri dish lid so that it lies flat, and tape
down a strip of tape across the center of the paper extending
upward against the sides of the lid so that the paper will not fall
out. One edge of the tape should lie near the circle diameter.
When the plastic dish bottom is inverted over the paper, this
upside-down dish will be the protective grid storage receptacle
and will provide attachment and labelable sites for a number of
grids, as well as drainage for excess liquid.

. With fine forceps, hold a grid that has been removed from the

collection slide so that the biofilm is on top, and lightly touch
the edge of the grid to the very edge of the tape, where a little
of the adhesive is exposed. The grid should be held in place.
Use pencil to label the tape beside each grid.

. Place a small Parafilm (EMS) square in a protected area.

. For each biofilm grid, pipette a fresh ~15 pl drop of negative

stain onto the Parafilm, and nearby place a similar drop of dis-
tilled water.

. To stain the grid, and without releasing the grid from the for-

ceps, touch the biofilm side to a drop of stain, and immediately
touch the edge of the grid vertically to absorbent filter paper to
drain off the stain.

. Continuing to hold the grid, again touch the biofilm side to a

clean drop of water, and then drain against the filter paper as
before.

. Return the grid to its position against the tape edge, making

sure that the biofilm side is up and that the grid contacts the
adhesive and is not drawn back against the forceps. The sub-
tending filter paper should immediately absorb excess liquid.

. Observe with TEM.



Air-Water Interface Biofilm Capture 317

Metal Shadowing Very fine surface details of bacteria and viruses, or even nanoparticles
and molecules, may be seen with TEM when the grid is metal
shadowed by stationary low-angle evaporation of gold or tungsten,
e.g., each evaporation device will have a protocol, but general
methods are outlined in good electron microscopy textbooks [3].
In Fig. 17a, see a gold-shadowed bacterium that hangs from its
“halo” which floats at the AWI.

Sputter Coating Since the TEM grid is composed of a good conductor, portions of
a captured AWI biofilm may also be easily observed with SEM.
After the collodion membrane-supported area between grid bars

Fig. 17 Preparations made from mini-substrate supported AWI biofilms. (a) TEM of a gold-shadowed bacterium
with flotation morphology. (b) TEM of the close contact between S-layers of adjacent AWI bacteria. (¢) TEM of
embedded and sectioned AWI microbes. The linear array is AWI biofilm bacteria. The large round structureis a
protozoan, perhaps a bacterial predator, with basal body visible. The thin gray line at the top is the collodion
membrane to which the AWI biofilm is attached. (d) A sputter-coated SEM preparation showing the arrangement
of bacteria and some particulates at the undersurface of an AWI biofilm. (¢) An AFM preparation showing details
of the bacterial surface. Copyright © 2004, American Society for Microbiology. All rights reserved. Reproduced
by permission from Henk 2004. Applied and Environmental Microbiology, Apr. 2004, p. 2486—2493
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3.7.2  Aluminum Foil,
Coverslip Bits, Thin Carbon
Wafer Bits

Sputter Coating for SEM
Mini-substrates

Preparation for AFM

3.7.3 Removable
Biofilm Samples

has been observed with TEM, the grid may be sputter coated with
gold /palladium and the areas underlain by bars can be observed
with good SEM contrast. See Fig. 17d.

Procedure for sputter coating is instrument dependent, but an
overview is outlined in ref. 3. The grid may be attached to the
SEM specimen stub with tiny dabs of conductive carbon or silver
paint, which may be applied with a splinter formed when an appli-
cator stick is broken in half.

Biofilms underlain by substrates suitable for SEM and AEM, e.g.,
metal, carbon, and glass, may be suitable for observation and
analysis with these instruments. Choices for appropriate substrates
would depend on the particular requirements of the equipment. As
with metal TEM grids, fine-tip forceps are used to score around
and remove the mini-substrates from the collection slide, and they
may be stored in a modified plastic petri dish storage container as
in step 2 in 3.6.2 above.

See 3.7.1 “Sputter Coating” above. The relatively larger details
visible with SEM include cell arrangement and appendages
comprising the biofilm, as in Fig. 17d.

Sample preparation of the captured AWI biofilm is instrument and
purpose specific. Details visible with AFM would be on the
nanoscale and could include atomic analysis of organic and
inorganic biofilm components. Figure 17¢ shows a relatively low-
magnification AFM image of bacterial surfaces that were captured
on a carbon mini-substrate as simply air-dried.

It a portion of the collected biofilm needs to be removed from the
capture slide for chemical or other analysis, a filter paper mini-
substrate should have been applied when the collection slide was
being prepared. Biofilm released from the collection slide can be
chemically fixed, embedded, and thin sectioned for TEM as in
Fig. 17c¢ or processed for molecular analysis such as PCR and
subsequent rDNA DGGE, for example. See Fig. 18d.

1. Before removing the filter paper mini-substrate, a small dot
may be drawn on the upper surface of the paper-underlain bio-
film with an indelible marker in order to see where the biofilm
is after it is released from the paper.

2. As with the previous examples of mini-substrates, to remove
the filter paper pieces from the dry biofilm collection on the
slide, score around the periphery with fine-tip forceps
(see Note 27).

3. A dry filter paper piece for molecular analysis may be stored
dry in a regular labeled plastic microtube.
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AWI

Fig. 18 Comparison of AWI and bulk characteristics from the same collection site. (a) The appearance of the
captured natural AWI biofilm as seen by Nomarski light optics. (b) DAPI staining of that AWI biofilm. (c) DAPI
staining of concentrated microbes from the water subtending the captured AWI. (d) Side-by-side comparison
of DGGE of rDNA populations collected from the AWI organisms and from bulk water organisms sampled from
water directly beneath the AWI. Indications are that two distinct communities exist in the same body of water.
Copyright © 2004, American Society for Microbiology. All Rights Reserved. Reproduced by permission from
Henk 2004. Applied and Environmental Microbiology, Apr. 2004, p. 2486—-2493

4. When ready to remove the captured AWI biofilm from the
filter paper, in a well-lighted area, fill a small clear container
(such as a glass vial) to a depth of about 1 cm with sterile dis-
tilled water or the desired processing solution.

5. If the processing solution is aquatic and allows for good visual-
ization of the released biofilm, the filter paper/biofilm may be
added directly to the solution. When the collodion/biofilm is
released, the filter paper can be removed and discarded.

(a) If the processing solution is not of a suitable volume, or
otherwise inappropriate, place the filter paper piece in
water and carefully watch to see the collodion/biofilm
membrane float away from the paper. Use clean fine-tip
forceps quickly to remove the biofilm, immersing it into
the appropriate solution for further processing for the par-
ticular purpose (see Note 28).

3.8 Comparison of After an AWI biofilm has been collected on a collodion capture
AWI and Subsurface slide, a sample of the bulk water may be collected as well. Simple
Communities to complex microscopy and molecular analyses can be carried

out on both samples using standard methods for the bulk sample
and the above-described methodologies for the AWI sample.
The results often yield striking differences between the two
communities. See Fig. 18a—d.
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4 Notes

10.

11.

12.

13.

14.

15.

. Each strainer and its petri dish lid will accommodate 1 slide

and will be in use for about 24 h, so make enough for the num-
ber of slides you will need on the following day. The strainers
and their petri dish lid are reusable after 24 h.

. The melted plastic will form a raised rim around the hole. Try

to keep this rim to a minimum to avoid displacement of the
slide later on.

. It may be convenient to use cafeteria-type trays lined with

paper towels, which will each hold six strainer assemblies and
will stack crosswise to save space.

. Super Up-Rite slides are suitable straight from the box; others

may require special cleaning or the collodion membrane will
not adhere properly.

. You may carefully make a very small dot with a permanent

marker near the center of the good side so that later the micro-
scope may be focused there at high magnifications, very close
to the plane of an almost invisible thin biofilm.

. Thick rims of melted plastic around the strainer holes will ele-

vate the filter paper and slide, perhaps preventing total immer-
sion of the slide. Discard this strainer.

. Locate a resting place for the pipette so that no liquid gets into

the bulb while it is used.

. If it does not, the dish assembly may have oily spots on its sur-

face. It should be washed thoroughly with regular lab deter-
gent, rinsed well, and dried thoroughly before use. Washing
will usually be necessary after three to four uses.

. The solvent smells something like bananas and has been used

as a flavoring agent. However, avoid excessive inhalation. The
ventilation in a regular laboratory area should be suitable.

While it is still wet, the membrane can slide around easily; do
not rush.

A 60 °C drying oven may be used if the filter paper is not com-
pletely dry in appearance.

See ref. 2 for directions for making simple field collection kits
and protective containers.

Appropriately sized discs may be prepared in many cases by
using a sharp paper hole punch. Avoid burrs or wrinkles.

Grids have a tendency to be caught in the surface tension and
to float on the water surface or to adhere to water on forceps,
so avoid using forceps for this procedure.

A sharp paper hole punch may provide suitable discs. If desired,
shapes may be coded for different samples or purposes.
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See ref. 2 for instructions on growing “natural” AWI biofilms

in the lab.

If known microbes are cultured in the lab for use with this
method, access to the surface area must be taken into consid-
eration. Culture tubes must be wide enough to accommodate
a microscope slide and, for best results, should be maintained
on a slant so that the slide can capture the surface biofilm from
a horizontal angle. Cultures may also be grown in wide mouth
containers that are deep enough to accommodate the vertical
length of the slide.

Captured biofilm organisms may be kept alive on the slide for
a maximum of about 12 h if the slide is maintained in a sealed
chamber such as a lidded specimen cup or a 50 cc capped plas-
tic centrifuge tube. The living sample must be removed from
the paper mini-substrate as soon as possible for good sample
preservation if TEM fixation, embedding, and sectioning are
to be done.

It may be useful to collect a regular aquatic sample from the
collection site for comparison or additional analysis.

Some stains kill microorganisms, so if microbial activities such
as cell division, motility, predation, or other microbial interac-
tions are to be observed, it is best to avoid stains and use some
sort of differential interference contrast microscopy, e.g.,
Nomarski optics. However, a microscope with phase-contrast
optics or even a basic light microscope with a properly adjusted
condenser lens will also be useful.

If you placed a small mark in the center of the slide in step 3
Subheading 3.2, move that dot into the light spot and bring
the dot into focus. The biofilm will not be precisely at that
plane, but a very slight adjustment of the fine focus knob then
should bring the thin biofilm into focus.

If desired, a circle about 1 ¢cm in diameter can be drawn on the
back of the slide with a marker to designate the area that will
be stained with the repeated additions of stains.

In order only to visualize AWI biofilm microbes, especially
with student microscopes, the staining process may be stopped
here. The slide should be dried for at least 10 min and then a
coverslip mounted with water (as in Subheading 3.5.1 steps 1
and 2). Quite reasonable observations can be made with the
20x and 40x dry objectives.

See ref. 2 for student microscope tips.

Archaea may also be found in AWI biofilms. A simple
negative-stain TEM preparation (Fig. 17b) from the same col-
lection slide may help visualize the crystalline proteins char-
acteristic of the archaeal S-layer which comprises the archaeal
cell wall.
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26.

27.

28.

There will probably be a continuum of staining intensity: too
concentrated near the edge of the coverslip where the DAPI
was applied and too dilute at the far side. Somewhere in the
middle, however, various optima will be seen for the various
microbes. In general, the optima will show bluish-white DNA
fluorescence at bacterial nucleoids as well as at eukaryote nuclei
and sometimes at cilia basal bodies. Engulfed bacterial nucle-
oids may sometimes be seen within protozoan food vacuoles.
Where DAPI concentration is too great, nuclear disruption
often produces yellow fluorescence. If DAPI concentration is
below optimal, nucleoid DNA may emit a dim dark blue. Some
red chlorophyll fluorescence is also visible at UV excitation
wavelengths. Other biofilm components, e.g., oils and various
mineral particles, may also autofluoresce at UV excitation
wavelengths to produce assorted emission colors.

If TEM fixation is to be done, do not let the collected biofilm
dry completely. Have the fixation chemicals ready in advance,
and remove the filter paper/biofilm directly to the fixative
without disturbing the remaining biofilm collection, which
should then be left to dry securely on the glass slide. The filter
paper can be fished out of the fixation vial later in the process.

The presence of the collodion membrane has not been seen to
be detrimental in molecular analyses and is beneficial in TEM
fixation processing.
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Chapter 23

Biofilm-Growing Bacteria Involved in the Corrosion
of Concrete Wastewater Pipes: Protocols for Comparative
Metagenomic Analyses

Vicente Gomez-Alvarez

Abstract

Advances in high-throughput next-generation sequencing (NGS) technology for direct sequencing of
environmental DNA (i.e., shotgun metagenomics) are transforming the field of microbiology. NGS tech-
nologies are now regularly being applied in comparative metagenomic studies, which provide the data for
functional annotations, taxonomic comparisons, community profile, and metabolic reconstructions. For
example, comparative metagenomic analysis of corroded pipes unveiled novel insights on the bacterial
populations associated with the sulfur and nitrogen cycle, which may be directly or indirectly implicated in
concrete wastewater pipe corrosion. The objective of this chapter is to describe the steps involved in the
taxonomic and functional analysis of metagenome datasets from biofilm involved in microbial-induced
concrete corrosion (MICC).

Key words Metagenome, 454 Pyrosequencing, Next-generation sequencing (NGS), Metabolic pathways,
Function annotation, Taxonomic classification

1 Introduction

Microbial-induced concrete corrosion (MICC) is a significant
cause of deterioration and premature failure for the estimated
800,000 miles of wastewater collection infrastructure [1]. Failure
to adequately address the deteriorating infrastructure networks
threatens our environment, public health, and safety and in par-
ticular represents a significant economic burden to local govern-
ments due to the maintenance and replacement costs [ 2 ]. Metabolic
processes within the sulfur biogeochemical cycle are known to play
an important role in MICC [3-5]. In wastewater systems, these
processes include the formation of sulfide, volatilization of hydro-
gen sulfide (H,S), biological oxidation of sulfide, and precipitation
of metal sulfides (Fig. 1). The primary source of sulfur is sulfate
(SO4>") which can be reduced by sulfate-reducing bacteria (SRB)

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
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Fig. 1 The corrosion process occurs by the reaction of the biogenic sulfuric acid (H,S0,) with the cementitious
material of the concrete. (a) In wastewater, sulfate (S04,7) is reduced by sulfate-reducing bacteria (SRB) to
sulfide (H,S). H,S is transferred across the air-water interface to the sewer atmosphere where sulfur/sulfide-
oxidizing bacteria (SOB) on the pipe surface oxidize the H,S to H,S0O, and (b) results in the eventual structural
failure of sewers. Photo courtesy of the Metropolitan Sewer District of Greater Cincinnati

SRB group g

to H,S under anaerobic conditions. H,S is transferred across the
air-water interface to the sewer atmosphere and is converted on the
pipe surface to biogenic sulfuric acid (H,SO,) by sulfide-oxidizing
bacteria (SOB). The corrosion process occurs by the reaction of
H,SO, with the cementitious material of the concrete and results
in the eventual structural failure of sewers (Fig. 1).

Capillary or “Sanger” sequencing of 16S rRNA and functional
genes has been conducted to characterize the microbial commu-
nity of wastewater systems [6-10]. Although those approaches
provided useful but limited information, they still may not inte-
grally reflect the whole metabolic processes and functional capa-
bilities of microbial communities. Since then, development of
high-throughput next-generation sequencing (NGS) technology
has fundamentally revolutionized microbiology with a powerful
tool for metagenomic studies [11, 12]. NGS technologies provide
the capability to sequencing millions of different molecules at
once, hence the direct genetic analysis of genomes (metagenome)
contained in a particular environmental samples [11-14].
Commercially available NGS platforms (454, Illumina, SOLID,
Ton Torrent, and PacBio) utilize diverse chemistry and base detec-
tion tools [15]. Each instrument performed well with respect to
maximize sequence reads; however, the quality of the data and
potential sources of errors, including sequencing artifacts, varies by
model. Therefore, the choice of a particular NGS platform should
be carefully considered.

Regardless of the sequencing technology used to generate
metagenomes, there are many challenges involving the analysis of
the data, including a considerable amount of data and the compu-
tational resources needed for complex analyses. Recently, cyber
infrastructure resources (Table 1) have been developed for
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researchers interested in analyzing and depositing metagenome
datasets [16-22]. Still, the interpretation of sequence data (i.e.,
protein function) by an open source system currently relies on
homology searches against annotated sequence databases.
Nevertheless, these resources provide the basis for functional anno-
tation, taxonomic comparison, phylogenomic profile, and meta-
bolic reconstruction [14].

Analysis of metagenomes provides access to the functional
gene composition of microbial communities and when appropri-
ately applied could provide a better insight of the microbial struc-
ture in response to environmental factors or biotic interactions
[13, 14]. The goal is to generate functional profiles and compari-
sons across multiple metagenomes to identify functional differ-
ences between microbial communities [23]. This chapter gives an
overview in the study of microbial communities in concrete waste-
water biofilms, with particular emphasis on the steps involved in
the functional analysis of metagenomes (Fig. 2). Our approach
[24] utilized the 454 FLX Titanium platform (Roche, 454 Life
Sciences, Branford, CT) that generated an average of 350—450 bp
(after trimming) and offered multiplexing, allowing for multiple
sample analysis (i.e., barcoding) in a single run.

2 Materials

1. Computer with internet connection and internet browser
(see Note 1).

High capacity data storage.
Biological sequence editor software.

Image analysis software.

Gl e

A spreadsheet program for organization and analysis of data in
tabular form.

6. Software(s) able to perform statistical data analysis.

3 Methods

3.1 Sampling
Biofilms

1. Collect biofilm samples from predefined sections of a corroded
concrete sewer pipe (see Note 2).

2. Remove the biomass from the surface with sterile metal spat-
ula by scraping the surface area (see Note 3).

3. Transfer the biomass into a sterile tube with an additional ster-
ile metal spatula.

4. Transport on ice and stored at -20 °C until DNA extraction
(see Note 4).
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Fig. 2 Schematic overview of the major steps of a comparative biofilm metagenomic study. A list and descrip-
tion of open source system for comparative analysis of metagenomes is provided in Table 1

3.2  Extraction of 1. Transfer the recommended sample size of biofilm to a new
Total DNA from sterile tube (se¢ Note 5).
Biofilms

2. Extract total DNA with the appropriate protocol designed by
the investigator (see Note 6).

3. Measure the concentration of the genomic extract with a
Quant-iT™ PicoGreen® dsDNA Assay Kit assay (Invitrogen™,
Molecular Probes®, Inc, Eugene, OR) (se¢ Note 7).
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3.3 Environmental
DNA Direct
Sequencing

3.4 Pipelines for
Metagenomic Analysis

3.4.1 MG-RAST Pipeline

Prepare Data

Data Submission

MG-RAST: Analysis
Modules

1.

2.

Submit DNA samples for sequencing using the appropriate
NGS technology (see Note 8).

Obtain your raw sequence data in SFF format or at least the
FASTA and QUAL file data (i.e., FASTQ) (see Note 9).

Most unassembled metagenome sequence data are processed using
two fully automated open source systems: the MG-RAST v3.0 pipe-
line [16] and the Rapid Analysis of Multiple Metagenomes with a
Clustering and Annotation Pipeline (RAMMCAP) [30], available
from the Community Cyberinfrastructure for Advanced Microbial
Ecology Research and Analysis (CAMERA) [17] (see Note 10).
Each pipeline (i.e., workflow) includes multiple steps: (1) sequence
and metadata uploading; (2) quality control; (3) gene calling, i.c.,
identification of protein coding regions; (4) protein clustering; (5)
annotation against known databases; and (6) comparative analysis.

1.

Navigate to the following link: http://metagenomics.anl.gov.

2. Log in or create a new account for the MG-RAST server.

. Click on the “Up Arrow” (data upload) link to start uploading

data to the server.

. Use the “Prepare Data” section to upload any sequence and

metadata files into your inbox.

. Optional: download the blank metadata template and fill out the

12 mandatory terms (ftp://ftp.metagenomics.anl.gov/data/
misc/metadata/MGRAST MetaData_template_1.4.xlIsx).

. Upload sequence, barcode (if necessary), and metadata

(optional) files to your inbox folder (see Note 11).

Use the menu entry “Manage Inbox” to calculate sequence
and base pair count, unpacked compressed files, convert SEF
files to FASTAQ), and demultiplex your sequence file.

. Optional: select a spreadsheet with metadata for the project

you want to submit (se¢ Note 12).

2. Create a project to upload a job to the MG-RAST server.

. Select the sequence file(s) from your inbox to be included in

your project.

. Specify the pipeline options for the analysis of your sequences

(see Note 13).

. Submit data to the MG-RAST pipeline. An accession numbers

(MG-RAST ID’s) will be automatically assigned to your datasets.

. Click on the “Earth” (browse) link to access the “Metagenome

Project List” page.

. Select and inspect the sequencing quality of the uploaded metage-

nome in the “Metagenome Overview” page (sec Note 14).


http://metagenomics.anl.gov/
ftp://ftp.metagenomics.anl.gov/data/misc/metadata/MGRAST_MetaData_template_1.4.xlsx
ftp://ftp.metagenomics.anl.gov/data/misc/metadata/MGRAST_MetaData_template_1.4.xlsx

Taxonomy: 16S rRNA-
Based Phylogeny

Taxonomy: Protein-Derived
Annotation

Functional Role: Protein
Annotation

Viewing Metabolic
Pathway: KEGG Map

Output Files

3.4.2 CAMERA Pipeline
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1.

Download the FASTA-formatted file containing the predicted
ribosomal sequences via the menu entry “Metagenome
Overview” — “Metagenome Download” (see Note 15).

2. Retrieve the 16S rRNA gene sequences (see Note 16).

. Re-examine the 16S rRNA gene sequences using a database of

known 16S rRNA gene sequences.

Construct a phylogenetic tree following the methodology
described elsewhere [10, 24, 35].

. Taxonomic analyses of protein coding sequences can be

accessed  via  the menu  entry “Metagenome
Overview” — “Analyze” — “Best Hit Classification” (see Note 17).

2. Select an expected e-value cutoff of 1£7%.

S

. Download the taxonomic classification count tables (se¢ Note 18).

. Open table with a spreadsheet program (e.g., EXCEL).

. Functional analyses of protein coding sequences can be

accessed via the menu entry “Metagenome Overview” — “An
alyze” - “Hierarchical Classification” (see Note 19).

Select an expected e-value cutoff of 1£7%.

. Download the functional annotation count tables (se¢ Note 18).

Open table with a spreadsheet program (e.g., EXCEL).

Identify proteins and assign their respective enzyme commis-
sion number (EC).

Assign reads to gene families for metabolic pathways recon-
struction (Fig. 3a).

. Explore the whole metabolic pathway using the KEGG

Mapper, an internal tool of MG-RAST based on the KEGG
pathway mapping system [38].

. The KEGG Mapper can be accessed via the menu entry

“Metagenome Overview” — “Analyze” — “Hierarchical
Classification” — “open KEGG Mapper”.

. Download the nucleotide sequence FASTA-formatted file

containing the predicted coding regions via the menu entry
“Metagenome Overview” — “Metagenome Download”.

. Navigate to the following link: https://portal.camera.calit2.

net/gridsphere /gridsphere.

2. Log in or create a new account for the CAMERA server.

. Click on the “Workflows” link, select “Metagenomic Data

Annotation and Clustering” in the workflow list, and press
“Start” to start uploading data to the server.


https://portal.camera.calit2.net/gridsphere/gridsphere
https://portal.camera.calit2.net/gridsphere/gridsphere
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Data Submission

CAMERA: Analysis Modules
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Fig. 3 Sample outputs from a descriptive analysis of the sulfur metabolic path-
way. (a) Diagram with identified components (i.e., enzyme commission number)
of the metabolic pathway. (b) Classification and relative abundance of taxonomic
groups computed by MEGAN [20] of sulfur-related proteins. Each circle is scaled
logarithmically to represent the number of reads that were assigned to each
taxonomic group. Pipe sections: top (white) and bottom (black). Adapted from a
comparative metagenomic study of a corroded concrete pipe [24]

1. Type a project name.

2. Specify the pipeline options for the analysis of your sequences
(see Note 20).

3. Upload your FASTA-formatted sequence file (see “Output Files”).
4. Submit data to the RAMMCAP pipeline (see Note 21).

1. Click on the “Workflow Status/Results” link to access the
RAMMCAP Workflow Results Summary page.



Functional Role: Protein
Annotation

Output Files

3.5 Data
Normalization

3.6 Comparative
Metagenomic Analysis

3.6.1 Integrative
Taxonomic Analysis of
Functional Genes
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1.

Download the compressed ZIP file containing the functional
annotation count tables (se¢ Note 18).

Open the tables (Pfam, TIGRfam, and COG) with a spread-
sheet program (e.g., EXCEL).

. Identify proteins and assign their respective enzyme commis-

sion number (EC).

Assign reads to gene families for metabolic pathways recon-
struction (Fig. 3a).

. Download the nucleotide sequence FASTA-formatted file

containing the predicted coding regions.

. Normalize the counts (relative abundance) of each down-

loaded table from MG-RAST and RAMMCAP against the
total number of hits in their respective database (e.g., SEED,
COQG, etc.) using effective sequence counts (ESC). ESC is a
composite measure of sequence number and average genome
size (AGS) of the metagenome [39].

ESC= N, (Ej
\G

S

where N is the total gene count in the x dataset, G is the aver-
age of G, values across all samples (in Mb), and G; is the aver-
age genome size (AGS) in the x dataset. AGS is the number of
megabases per genome present in the sample [40]:

a+bx L
X

AGS (in Mb) =

where x is the marker gene density (i.e., # of matches to marker
genes divided by the total # of sequenced base pairs [megabases
surveyed] or count per megabase [Mb]), L is the read length,
and the constant parameters 2=18.26, b=3,650, and ¢=0.733
were chosen such as to minimize the weighted sum of squares
[40,41] (see Note 22).

. Identify sequences assigned to functional groups (e.g., sulfur

and nitrogen) from MG-RAST and RAMMCARP output table
files (see Note 23).

. Retrieve sequences from the nucleotide sequence FASTA-

formatted file (see “Output Files” sections).

. Analyze selected functional gene sequences with BLASTX

against the NCBI non-redundant protein sequence (nr) data-
base using the CAMERA server.

. Import the BLASTX results into the software MEGAN

[20] for assignment and comparison of taxonomic groups
[42] (see Note 24).
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3.6.2 Statistical Data
Analysis

Univariate Analyses
Richness and Diversity

of Functional Genes

Proportion of
Functional Genes

Enrichment of
Functional Genes

Multivariate Analyses

Data Transformation
and Distance Matrix

Exploratory Data Analysis

. Generate a dendrogram (i.c., tree representation of the NCBI

taxonomy) to display the taxonomic affiliation of selected
sequences via the menu entry “Compare” (Fig. 3b).

. Calculate rarefaction curves for richness (e.g., Chaol, ACE)

and diversity (e.g., Shannon, Simpson indices) estimators
(see Note 25).

. Calculate and compare the proportion of each functional

group or specific genes (see Note 26).

. Identify functional groups with statistically significant differ-

ence between metagenomes (see Note 27) (Fig. 4a).

. Calculate the proportion of genomes in the metagenome that

is capable of that function (see Note 28).

. Calculate the odds ratio or the relative risk of observing a given

group in the sample relative to the comparison dataset [43]:

A

in—| B
Odd ratio = C

D

where A is the number of hits to a given category in the x
dataset, Bis the number of hits to all other categories in the x
metagenome, C is the number of hits to a given category in
the y dataset, and D is the number of hits to all other catego-
ries in the y dataset.

. An odds ratio of 1 indicates that the community DNA has the

same proportion of hits to a given category as the comparison
dataset (Fig. 4b).

. Log(x+1)-transform the counts of each downloaded table

(see Note 29).

. Create a distance matrix using the Bray-Curtis similarity coef-

ficient of the transformed data (see Note 30).

. Apply hierarchical clustering (e.g., Unweighted Pair Group

Method with Arithmetic Mean [UPGMA]) and reduction
(e.g., nonmetric multidimensional scaling [nMDS]) methods
to reduce and visualize the complex collection of data points.

. Explore the relationship of metagenomes using nMDS ordina-

tion plots and cluster dendrograms.

. Test the robustness of the ordination plot and dendrogram

(see Note 31).



Network-Based Analysis

Metagenomic Analyses of Biofilms Involved in Concrete Corrosion 333

a 95% confidence intervals
|
EC:1.8.7.1 1 o < le-15
EC:1.8.1.2 — O , <lel5 -
EC:2.7.1.25 M4 FOH | <le15 2
EC:2.7.7.4 — —0— : <lel5 &
EC:1.8.99.2 & [feT] 8.16e-3 S
EC:1.8.99.3 =y e~ 0020 %
EC:1.8.99.1 1. HoH 0497 %
EC:1.8.2.1) (o] 0681
EC:1.8.48 1 e’} 0.692
|
0.0 0.1 -0.06 -0.05 —0.04 0,03 -0.02 -0.01 0.00 0.01
Propartion (%) Difference between proportions (%)
b Odds ratio
0 1 2 3 4 5 6 7 8
Single-copy e
genest

EC:1.8.7.1

EC:1.8.1.2

EC:2.7.1.25
EC:2.7.7.4
EC:1.8.99.2
EC:1.8.99.3
EC:1.8.99.1
EC:1.8.2.1

EC:1.8.4.8

Fig. 4 Sample outputs from a univariate analysis of the sulfur metabolic pathway.
(@) Box plot with the mean proportion of identified components (i.e., enzyme
commission number) of the metabolic pathway. Statistical differences in mean
proportions between two sections of a corroded pipe were based on the Fisher’s
exact test using corrected g-values (Storey’s FDR multiple test correction
approach) using the STAMP software [22]. (b) Bar chart shows the odds ratio
values for each functional group. TSingle-copy genes’ (gyrA, gyrB, recA, rpoA,
and rpoB) odds ratio value of 1 indicated a similar proportion of genomes. Error
bars represent the standard error of the mean. Pipe sections: top (white) and
bottom (black). Adapted from a comparative metagenomic study of a corroded
concrete pipe [24]

4. Use the results of the exploratory data analysis to create
hypotheses (see Note 32).

1. Import gene functional annotations and construct molecular
interaction networks using the software package Cytoscape [21].

2. Display the network and filter to select subsets of nodes and/
or interactions that share a particular function (e.g., sulfur
metabolism) (see Note 33).
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4 Notes

. The MG-RAST webtool has been optimized for the Mozilla

Firefox browser. For Microsoft Internet Explorer users, many
features will not be available and /or function correctly.

. A good experimental design in microbial ecology includes rep-

lication to analyze the variability within one sample [25].
However, there are quantitative approaches for analyzing
unreplicated datasets [22, 26]. For example, our study [24]
used randomization procedures (e.g., Fisher’s exact test with
Storey’s FDR multiple test correction approach) to statistically
test differences in functional groups between two unreplicated
sections of a corroded pipe.

. Approximately 4 cm? of surface area was removed from the

corroded pipe [24]. Carefully avoid concrete particles and
corroded material which may introduce inhibitor substances
and possibly interfere with downstream assays (e.g., PCR).

. For RNA-based downstream methods, avoid RNA degrada-

tion by freezing samples in liquid nitrogen immediately and
transporting samples on dry ice. Store at -80 °C until RNA
extraction.

. The recommended sample weight is 0.1-0.3 g and varies

according to the manufacturer’s recommendations.

. At the time of the study [24], we used the UltraClean Soil

DNA kit following the manufacturer’s instructions (MoBio
Laboratories Inc., Solana Beach, CA). For samples that have a
high presence of humic and inhibitor substances or to increase
the yield of DNA, the investigator can use a modified protocol
previously described in Gomez-Alvarez et al. [27]. Briefly, 5 g
of sample was ground with sterile sand and liquid nitrogen
with a mortar and pestle, and then DNA was extracted using a
CTAB-based method [28] with subsequent cesium-chloride
gradient purification.

. NanoDropUV and NanoDrop Fluorometry (Thermo Fisher

Scientific, Wilmington, DE) measurements do not accurately
measure the DNA concentration and are not compatible with
454 pyrosequencing protocols.

. Commercially available NGS platforms for metagenomic

applications include the following: the 454 pyrosequencing
technology (Roche, 454 Life Sciences, Branford, CT),
Ilumina (Illumina, Inc., San Diego, CA), SOLiD (Life
Technologies™, Applied Biosystems®, Carlsbad, CA), Ton
Torrent (Life Technologies™, Carlsbad, CA), and PacBio
(Pacific Biosciences, Menlo Park, CA). Of the NGS technolo-
gies, both the 454 and Illumina have been used extensively in
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10.

11.

12.

13.

metagenomic studies. The 454 applies emulsion polymerase
chain reaction (¢PCR) in beads to clonally amplify random
DNA fragments, while Illumina performs solid-surface PCR
amplification on a surface [14]. For the rest of the technolo-
gies, the read length and/or error rate make those platforms
at this moment unusable for metagenomic studies.

. CAMERA and MG-RAST performs the quality control step

using raw sequence data from FASTQ or SFF format data files.
It is also critical to know the barcode sequence used for each
sample if multiplexing was used.

Although a number of cyberinfrastructure resources have been
developed for researchers [29], the MG-RAST server is the
most widely used tool for the analysis of shotgun metagenom-
ics [16].

The sequence files must be FASTA, FASTQ, or SFF format,
and files larger than 50 MB should be compressed (e.g., GZIP,
71P). All files should be named without spaces using alphanu-
meric and only with the following three characters: ., —, and _.
The barcode file should be plain text ASCII containing lines
with a barcode sequence followed by a unique filename sepa-
rated by a tab.

The names of the sequence files must exactly match the library
file_name fields or match the library metagenome_name fields
minus the file extension in the metadata file.

MG-RAST recommendation is to use quality filtering with the
default parameters:

(a) Select if your sequence file(s) contain assembled data and
include the coverage information (unlikely). Assembly
has the potential to introduce biases and will likely only
assemble organisms that are relatively abundant.

(b) Select removal of artificial replicate sequences, i.c., reads
that began at the same position but varied in length or
contained a sequencing discrepancy produced by sequenc-
ing artifacts [27]. In our study [24], prior to sequence
upload, we implemented a dereplication pipeline (http://
microbiomes.msu.edu/replicates) to identify and remove
clusters of artificially replicated sequences. Filter parame-
ters included a cutoff value of 0.9, no length difference
requirement, and an initial base pair match of 3 bp.

(c) Screen for the removal of any host-specific species
sequences (e.g., H. sapiens, NCBI v36) using DNA level
matching with bowtie [31].

(d) Select removal of low-quality sequences using a modified
DynamicTrim algorithm [32]. Use values 15 and 5 as the
lowest Phred score that will be counted as a high-quality
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14.

15.

16.

17.

18.

base and the minimum amount of bases below the above-
specified quality contain in a sequence, respectively.

(e) Use a value of 2.0 as multiplicator of standard deviation
for length cutoff to discard sequences whose length dif-
fers from the average sequence length.

(f) Specify a value of 5 for the maximum allowed number of
ambiguous (non-ACGT) base pairs allowed in a particu-
lar sequence [33].

Sequence quality is a primary concern to any metagenomic
analysis, and MG-RAST incorporates the tool DRISEE to
measure sequencing error for whole-genome shotgun
metagenomic data. DRISEE can detect error introduced
during sample collection, genetic purification /amplification,
and sequencing [34].

MG-RAST identifies ribosomal sequences and annotates them
in addition to providing protein annotation. Sequences are
prescreened and identified using QIIME-UCLUST for at least
70 % identity to ribosomal sequences against RNA databases
(Greengenes, LSU and SSU SILVA database project, and
Ribosomal Database Project II).

In addition to the presence of the important 16S rRNA gene
marker, the files can contain fragmentary and nonoverlap-
ping regions of small and large subunit ribosomal RNA from
archaeal, bacterial, and eukaryotic and nonfunctional inter-
nal transcribed spacer (ITS) regions. Open source programs
such as Megraft [36] and Metaxa [37] are able to identify
and exclude the non-16S rRNA sequences in metagenomic
libraries.

Putative open reading frames (ORF) are identified and their
corresponding protein sequences annotated using BLAT
against the M5NR protein databases for taxonomy classifica-
tion. The M5NR is an integration of many sequence databases
into one single, searchable database [16].

The tables provide information of protein assignments with
the caveat that a protein sequence could be assigned to more
than one closely related organism (i.e., taxonomy) or subsys-
tem (i.e., function). There are cases that one read map to
multiple annotations. In addition, long reads and contigs can
contain sections with more than two predictable genes, which
are annotated separately. The “abundance” and “hit” col-
umns in the tables represent the number of sequences that
contain a given annotation and the number of unique
sequences (i.e., clustering) that were found in a particular
annotation, respectively.
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Putative ORF are identified and their corresponding protein
sequences annotated using BLAT against the SEED subsys-
tem for function classification [16].

Use the default parameters with the exception of:

(a) Select the method “HHM based rRNA finding” from the
drop down “rRNA prediction method” menu.

(b) Specify an expected e-value cutoff of 1¢% for Pfam,
TIGRfam, and COG in the “Advanced Parameters”
panel.

The RAMMCAP pipeline (i.e., CAMERA) assigns functions
by comparison to Pfam, TIGRfam, and COG databases [30].

AGS is defined as an ecological measure of genome size that
also includes multiple plasmid copies, inserted sequences, and
associated phages and viruses [40]. This is particularly impor-
tant since comparable average genome size permitted us to
quantitatively compare the metagenomic data [41].

Use Level 2 SEED subsystem in MG-RAST to identity func-
tional genes (e.g., “Nitrogen Metabolisms” subsystem).

Compare the metagenomes at the genus level (when available)
using absolute read counts with default parameters for the
lowest common ancestor (LCA) algorithm of min-score of 35,
a top-percent value of 10 %, and min-support of 5 [42].

Rarefaction curves are used to estimate the relative richness
within a sample or to compare the richness between metage-
nomes. For example, the Chaol estimator of COG richness is
calculated using the number of individual COGs per unique
COG function.

Direct comparison of the distribution of different functions
(i.e., genes) is not possible within the metagenome or between
samples, since length and copy number of the genes was not
incorporated in the formula.

For metagenomic studies with one representative, the statisti-
cal difference of functional genes between two samples is
based on the Fisher’s exact test with corrected g-values
(Storey’s FDR multiple test correction approach) using the
software package STAMP [22].

Divide the AGS to the amount of DNA (in kb) per function-
specific gene [41].

Transformation is strictly a numerical approach to decrease the
possibility of distortion, particularly since the Bray-Curtis dis-
tance measure is very sensitive to outlying values [44].

The Bray-Curtis distance measure accounts for the abundance
distributions of attributes (i.e., genes, functions).



The robustness of the nMDS ordination plot is evaluated with
a Shepard diagram (i.e., stress test), which measures the good-
ness of fit of an nMDS plot, e.g., <0.1 indicates a good fitting
solution [45]. Clustering is evaluated using the bootstrapping
method, e.g., the percentage of replicates where each node is
still supported is given on the dendrogram [46].

Avoid using the same data to test these hypotheses [47].

In the network graph, the nodes represent the genes (i.e., bio-
logical entities) and the edges between nodes represent the
biological interactions. Data are mapped to nodes or edges
using attribute values (e.g., protein functions), which can be
used to perform network searches and filtering and to control
visual aspects of nodes and edges [48].

The United States Environmental Protection Agency (USEPA)
through the Office of Research and Development funded this
research. R.P. Revetta and J.W. Santo Domingo of the USEPA
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Chapter 24

Culture-Independent Methods to Study Subaerial Biofilm
Growing on Biodeteriorated Surfaces of Stone Gultural
Heritage and Frescoes

Francesca Cappitelli, Federica Villa, and Andrea Polo

Abstract

Actinobacteria, cyanobacteria, algae, and fungi form subaerial biofilm (SAB) that can lead to material
deterioration on artistic stone and frescoes. In studying SAB on cultural heritage surfaces, a general
approach is to combine microscopy observations and molecular analyses. Sampling of biofilm is performed
using specific adhesive tape and sampling of SAB and the substrate with sterile scalpels and chisels. Biofilm
observations are carried out using optical and scanning electron microscopy. Specific taxa and EPS in bio-
film can be readily visualized by fluorochrome staining and subsequent observation using fluorescence or
confocal laser scanning microscopy. The observation of cross sections containing both SAB and the sub-
strate shows if biofilm has developed not only on the surface but also underneath. Following nucleic acid
extraction, 16S rRNA gene sequencing is used to identify bacterial taxa, while 18S rRNA gene and internal
transcribed spacer (ITS) sequence analysis is used to study eukaryotic groups. In this chapter, we illustrate
the protocols related to fluorescence in situ hybridization (FISH), scanning electron microscopy (SEM),
and denaturing gradient gel electrophoresis (DGGE).

Key words Optical, Fluorescence and electron microscopy, Fluorescence in situ hybridization (FISH),
Scanning electron microscopy (SEM), Denaturing gradient gel electrophoresis (DGGE), Adhesive
tape strip, Sterile scalpel

1 Introduction

According to the International Council on Monuments and Sites
(ICOMOS) [1] biofilm is “a mono- to multilayered microbial
colony attached to surfaces with varying thickness of up to 2 mm.
Often a biofilm consists of very few cells of different microorgan-
isms embedded in large amounts of extracellular slime. These
cohesive often sticky layers may shrink and expand according to
the supply of water. Biofilms often create multicoloured biopatina
by production of colouring agents.”

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_24, © Springer Science+Business Media New York 2014
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Biofilm on stone heritage and frescoes is called “subaerial
biofilm” (SAB) as the microbial communities develop at the atmo-
sphere—stone interface [2]. SAB can cause damage to cultural heri-
tage surfaces through a variety of mechanisms, including chemical
reactions with materials (e.g., microbial excretion of aggressive
acids), physical disruption (e.g., extracellular polymeric substances
(EPS) production that can cause mechanical stress on the mineral
structure), and esthetic alterations (e.g., pigment production).

In the study of SAB on cultural heritage surfaces, a general
approach is to combine microscopy observations and molecular
analyses. Direct biofilm observation is carried out using optical
and scanning electron microscopy. Specific taxa and EPS in biofilm
can be readily visualized due to autofluorescence or by staining
with fluorochromes and subsequent observation using fluores-
cence or confocal laser scanning microscopy. The observation of
cross sections containing both SAB and the substrate shows if
biofilm has developed not only on the surface but also under-
neath. Following nucleic acid extraction, 16S rRNA gene sequenc-
ing is used to identify bacterial taxa, while 18S rRNA gene and
internal transcribed spacer (ITS) sequence analysis is used to study
eukaryotic groups. Bacterial (particularly actinobacteria and cya-
nobacteria), algal, and fungal communities are the most deterio-
rating biological agents growing as biofilm on stone material and
frescoes [2].

Sampling areas are selected after visual inspection of putative
microbiological alterations. Two sampling methods are generally
used: (1) the noninvasive adhesive tape strip [3], by which only
the biofilm is sampled—not the underlying substrate—for micros-
copy analyses and in situ visualization techniques, and (2) the ster-
ile scalpel or chisel, for microscopy observations and molecular
analyses following nucleic acid extraction. The collected samples,
their number and dimension, should be representative of the
overall substrate’s characteristics and state of conservation. When
dealing with cultural heritage, it is not frequent for microinvasive
sampling to be permitted, and when it is, the samples are very few
and extremely small, putting severe constraints on the microbiolo-
gist’s work.

2 Materials

2.1 Fluorescence
In Situ Hybridization

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to attain a sensitivity of 18 MQ c¢m at 25 °C) steril-
ized by autoclave and analytical grade reagents in aseptic conditions.
Prepare and store all reagents at room temperature (unless indicated
otherwise). Diligently follow all waste disposal regulations when
disposing of waste materials.
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2.1.1  Formaldehyde
Fixative and
Permeabilization Solution

2.1.2  Hybridization
and Washing Solutions

2.1.3 EPS Matrix
Staining and
Counterstaining Solutions

1.

Paraformaldehyde stock solution: 8 % (wt/v) solution of
paraformaldehyde in water (see Note 1). Add 8 g of parator-
maldehyde to 90 mL of distilled water in a beaker with a mag-
netic stirrer (see Note 2). Mix and make up to 100 mL with
water. Store at 4 °C for up to 1 month.

. Paraformaldehyde working solution: 4 % (wt/v) solution of

paraformaldehyde by diluting the stock solution with an equal
volume of phosphate buftered saline (PBS, 130 mM NaCl,
10 mM sodium phosphate, pH 7.2). Store at 4 °C. The solu-
tion should be made up and used the same day, it must not be
stored.

. Ethanol /water series: 50 % v/v, 80 % v/v, and 100 % ethanol

(see Note 3).

. 5 M NaCl: 29.2 g NaCl in 100 mL of distilled water. Autoclave

the solution and store at room temperature.

. 1 M TrissHCI pH 7.2-7.6: 15.8 g Tris—-HCI in 100 mL of

distilled water. Adjust pH with HCI. Autoclave the solution
and store at room temperature.

. 10 % wt/v sodium dodecyl sulfate (SDS): 10 g SDS in 100 mL

of distilled water. Filter the solution and store at room
temperature.

. Hybridization buffer: 0.9 M NaCl, 20 mM Tris—HCI pH 7.2,

0.01 % wt/v SDS (see Note 4), 40 % v/v deionized formamide
(see Notes 5 and 6). To prepare 2 mL of hybridization buffer,
add-in the following order: 360 pl. 5 M NaCl, 40 pL. 1 M
TRIS-HCI, 800 pL formamide, 800 plL Milli-Q (autoclaved,
cell free) water, and 2 pLL 10 % SDS. Mix compounds well.
Freshly prepare the solution before use.

. Hybridization mixture: mix 50 pL of the hybridization buffer

with 50 ng of the selected probe (see Note 7). Make up fresh
immediately prior to use, and store under dark conditions.

. Washing buffer: to prepare 50 mL of washing buffer, add-in

the following order: 460 pL. 5 M NaCl (for 40 % stringency,
see Note 8) (Table 1), 1 mL. 1 M TRIS-HCI, 48.5 mL water,
and 50 pL. 10 % SDS. Mix components well.

. ConA Stock solution: 5 mg concanavalin A (Con A, see Note 9)

in 2 mL 0.1 M sodium bicarbonate, pH 8.3, and briefly vortex
(see Note 10).

. DAPI Stock solution: 5 mg,/ml.4’',6-diamidino-2-phenylindole

(DAPI) dihydrochloride stock solution by dissolving 10 mg in
2 mL of deionized water (see Note 11).

. EPS staining and counterstaining working solution: 200 pg/

mL ConA (see Note 12), 10 pg/mL DAPI (see Note 13).
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2.1.4  Equipment

2.2 Scanning
Electron Microscopy

2.2.1 Samples
Preparation and Analysis

Table 1

NaCl concentration in the washing buffer according to % formamide
of the hybridization buffer (SILVA rRNA database project, available at
www.arb-silva.de/)

% Formamide NaCl (M concentration) pL 5 M NaCl in 50 mL

0

5

10
15
20
25
30
35
40
45
50
55
60

0.900 9,000
0.636 6,300
0.450 4500
0.318 3,180
0.225 2,150
0.159 1,490
0.112 1,020
0.080 700
0.056 460
0.040 300
0.028 180
0.020 100
0.014 40

N O\ Uk W

To prepare 1 mL of dye solution, dilute 40 pL ConA stock
solution and 2 pL. DAPI stock solution to a final volume of
1 mL PBS. Mix compounds well. Freshly prepare the solution
before use (see Note 14).

. Adhesive tape strips (Fungi tape™).

. Microscope slides.

. Frame-seal incubation chambers (1.0 cm? area).

. Tube heater, thermomixer, or water bath.

. In situ PCR block set at 45 °C (see Note 15).

. Confocal microscope equipped with suitable lasers.

. Software for image analyses (e.g., Imaris and Image]J).

. 0.1 M sodium cacodylate buffer solution: dissolve 21.4 g

of sodium cacodylate [Na(CH3), AsO,-3H,0] in 900 mL of
demineralized water. Adjust pH to 7.2 with HCI. Add demin-
eralized water to a volume of 1,000 mL (se¢ Note 16).

. 2 % Glutaraldehyde in 0.1 M sodium cacodylate bufter: add

8 mL of concentrated glutaraldehyde solution (25 %) in 92 mL
of 0.1 M sodium cacodylate bufter (pH 7.2).


http://www.arb-silva.de/
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2.3 Denaturing
Gradient Gel
Electrophoresis

2.3.1 DNA Extraction
Equipment and Solutions

3.

o NN O w»

10.

11.

2 % Osmium tetroxide in 0.1 M sodium cacodylate buffer: add

5 mL of concentrated osmium tetroxide solution (4 %, Sigma) in
5 mL of 0.1 M sodium cacodylate buffer (pH 7.2) (see Note 17).

. Ethanol /water series: 50, 60, 70, 80, 90 % v/v, and absolute

ethanol solutions.

. Polyester or a bicomponent epoxy resin.

. Demountable molds (Teflon, silicone, polyethylene molds, etc. ).
. Precision cutter with diamond cut-off wheel.

. SiC grinding and polishing papers: 600, 1,200, 2,400, 4,000

grit sizes.

. Conductive adhesive tape (i.e., C tape, Cu tape, C tabs, etc.) or

conductive paint (i.e., colloidal silver paint, conductive carbon
cement, etc.).

Pure gold or other conductive metals (Au,/Pd, Pt, Cr) or carbon
for coating (se¢ Note 18).

Equipment for metallization of samples by sputtering or evap-
oration (see Note 19).

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to attain a sensitivity of 18 MQ cm at 25 °C) steril-
ized by autoclave and analytical grade reagents in aseptic conditions.
Prepare and store all reagents at room temperature (unless indicated
otherwise). Diligently follow all waste disposal regulations when
disposing of waste materials.

1.

gl o N

Sterilize as many mortars and pestles as samples to be
pulverized.

. 2 mL tubes sterilized by autoclave.

. Thermomixer.

. Freezer -80 °C.

. 0.5 M ethylenediaminetetraacetic acid (EDTA) solution: add

186.1 g disodium ethylenediamine tetraacetate-2H,0O into
800 mL of distilled water and adjust the pH to 8.0 with NaOH
(about 18-20 g of NaOH solid pellets). Dilute the solution to
1 L with distilled water. Filter the solution through a 0.5 pm
filter and sterilize in an autoclave.

. 1 M tris(hydroxymethyl)aminomethane-HCI (Tris-HCI) but-

ter: 121.1 g of tris(hydroxymethyl)aminomethane (Tris base)
in 800 mL of demineralized water and adjust the pH to 8.0
with concentrated HCI. Adjust the volume to 1,000 mL with
demineralized water and sterilize in an autoclave.

. Tris-EDTA (TE) buffer: 10 mM Tris—HCI solution (pH 8.0),

1 mM EDTA. To prepare 100 mL of TE butfer, add-in the
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2.3.2 DNA Amplification
Equipment and Solutions

10.

11.

12.

13.

14.

15.
16.
17.

following order: 1 mL of 1 M Tris—-HCI (pH 8.0) and 0.2 mL
of 0.5 M EDTA and made up with double distilled water up
to 100 mL. Autoclave the solution. Leave aliquots at 4 °C
for current use (550 pL for each sample) and store remaining
aliquots at -20 °C.

. 35 mg/mL lysozyme solution in TE buffer: for 20 mL place

0.7 g of lysozyme in 20 mL of TE buffer. Aliquot and freeze
at =20 °C.

. 20 mg/mL proteinase K solution in TE buffer: 100 mg of

proteinase Kin 5 mL of demineralized, DNAse, and proteinase-
free water. Aliquot and freeze at -20 °C (see Note 20).

10 % sodium dodecyl sulfate (SDS) solution in water: 10 g of SDS
in 80 mL of deionized /Milli-Q water and mix it (se¢ Note 21).
Heat to 68 °C if necessary. Adjust the volume to 100 mL with
deionized /Milli-Q water and mix it again. Filter the solution to
remove any undissolved material if necessary.

5 M NaCl solution in water: add 29.2 g NaCl in 100 mL of
distilled water. Autoclave the solution and store at room
temperature.

10 % (v/v) cetyltrimethylammonium bromide (CTAB) solu-
tion in 0.7 M NaCl (CTAB/NaCl). To prepare 100 mL of
CTAB/NaCl 10 % (v/v), dissolve 4.1 g of NaCl in 80 mL
of demineralized water and slowly add 10 g of CTAB while
heating the solution to 55 °C and stirring. Adjust the final
volume to 100 mL and store above 15 °C to prevent CTAB
from precipitation.

Phenol—chloroform-isoamyl alcohol (25:24:1, v /v) for molec-
ular biology (see Notes 22 and 23).

Chloroform:isoamyl alcohol (24:1 v/v) suitable for nucleic
acid purification (see Note 23).

Isopropyl alcohol (2-propanol) (see Note 23).
Seventy percent ethanol solution in water.

A NanoDrop spectrophotometer (see Note 24 ).

. A laminar flow cabinet.

. Thermocycler to perform the polymerase chain reactions

(PCR).

. PCR Bufters, dNTPs, MgCl,, and General Reagents: 10x PCR

buffer (200 mM Tris—HCI solution at pH 8.4, 500 mM KCl
solution), 50 mM (or 25 mM) MgCl, solution, 10 mM
(or 20 mM) dNTP mix, PCR grade dimethyl sulfoxide
(DMSO), and PCR grade bovine serum albumin solution
(BSA) (see Note 25). Store at -20 °C.

. 5 U/puL tag DNA Polymerase GoTaq®. Store at -20 °C.
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233 8%
Polyacrylamide Denaturing
Gradient Gel
Electrophoresis (DGGE)

5.

12.

13.

14.

—
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Olygonucleotide primers for bacterial community, cyanobacterial
communities, algal community, and fungal communities.
Forward primers are needed with a GC clamp (Table 2)
(see Note 26) [4-8]. Store at -20 °C.

. Agarose for molecular biology.
. Tris/Borate /EDTA (TBE) buffer stock solution: make a 5x

solution of TBE in water. Add 54 g of Tris base, 27.5 g of
boric acid, and 20 mL of 0.5 M EDTA (pH 8) ina 1 L gradu-
ated cylinder. Add demineralized water to a volume of 1 L.
Mix to dissolve the components. Store at room temperature.

. TBE working solution: make a 0.5x solution. Dilute 1-10 of

the TBE stock solution in demineralized water. Store at room
temperature.

. Glass Erlenmeyer flasks.
10.
11.

Microwave.

A quantitative and qualitative marker suitable for segments
between 400 and 1,000 bp.

A horizontal electrophoresis apparatus: tank, lid, cables, a power
supply, gel trays, and multi-well combs.

Gel loading solution: saccharose 40 % wt/v, bromophenol
blue 0.05 % wt/v, EDTA 0.1 mM pH 8, and SDS 0.5 % (wt/V).
To prepare 100 mL of gel loading solution, add 40 g of
saccharose, 0.05 g of bromophenol blue, 20 mL of 0.5 M
EDTA, and 0.5 g of SDS; adjust volume to 100 mL with
demineralized water.

0.1 % ethidium bromide solution in water: 100 pL of concen-
trated ethidium bromide solution (1 %) in 1,000 mL of demin-
eralized water (see Notes 23 and 27).

. A gel documentation system (Gel Doc).

. A universal mutation detection system for 16 cm gels.

. A gradient maker.

. A magnetic stirrer.

. A power supply.

. A peristaltic pump.

. Seventy percent ethanol solution in demineralized water.

. Staining boxes: plastic container to stain the gels (se¢ Note 28).
. Tris—acetate-EDTA (TAE) buffer stock solution: make a 50x

solution of TAE in water. Add 242 g of Tris base, 57.1 mL of
glacial acetic acid, and 100 mL of 0.5 M EDTA (pH 8) with
demineralized water to a volume of 1 L. Store at room
temperature.
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9. TAE working solution: make a 1x TAE solution. Dilute 1-50
of the 50x TAE stock solution in demineralized water. Store
at room temperature.

10. 100 % Denaturing solution: to prepare 200 mL of solution,
add-in a graduated cylinder 40 mL of 40 % acrylamide/
bisacrylamide 37.5:1, 84 g of urea, 80 mL of 100 % formamide,
and 4 mL of 50x TAE. Add water to a volume of 200 mL. Mix
for 3 h with mild heat. Mix and store at —20 °C (see Note 23).

11. 0 % Denaturing solution: to prepare 200 mL of solution, add-in
a graduated cylinder 40 mL of 40 % acrylamide /bisacrylamide
37.5:1 and 2 mL of 50x TAE. Add water to a volume of
200 mL. Mix and store at -20 °C (se¢ Note 23).

12. 10 % Ammonium persulfate (APS) solution: to prepare 1 mL
of solution, add 0.1 g of APS in 1 mL Milli-Q water. Store at
4 °C (see Note 29).

13. Tetramethylethylenediamine (TEMED) (se¢ Note 23).

14. Denaturing loading blue: to prepare 50 mL of denaturing
loading blue, mix 0.25 g of bromophenol blue, 0.25 g of
xylene cyanol, 0.2 mL of 0.5 M EDTA, 30 mL of 100 % glyc-
erol, and demineralized water to a volume of 50 mL. Adjust
pH to 8.0.

15. SYBR Green solution: add 80 pL of concentrated SYBR Green
in 800 mL of TAE 1x. Store at 4 °C at the dark (see Notes 23
and 30).

16. A gel documentation system (Gel Doc).

3 Methods

3.1 Fluorescence
In Situ Hybridization

3.1.1 Pretreatment
of the Slides and Fixation

Fluorescence in situ hybridization (FISH) is a culture-independent
method for mapping the spatial arrangement of microorganisms at
the single-cell level and for assessing the composition of microbial
communities and their in situ dynamics [9]. The protocol applies
FISH to three-dimensionally (3D) biofilm-growing microbial com-
munity on biodeteriorated cultural heritage surfaces and entails an
adhesive tape sampling procedure that reproduces a mirror image
of' the biofilm present on the selected area. It is not in any way inva-
sive for the substrate [2]. The sample is then subjected to hybrid-
ization by fluorescently labeled, rRNA-targeted oligonucleotide
probes, extracellular polymeric matrix staining, and signal detec-
tion. This approach has been successfully used to map microbial
colonization on stone and fresco materials.

1. Immobilize the adhesive tape strip on a glass slide and wash
twice by dipping the slide in sterile PBS at room temperature
(see Note 31). Air-dry the slide at any step.
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Table 3

Most popular probes used in FISH analysis on artwork

Target group Probe name Probe sequence (5'-3') S;?l:?age %
Bacteria EUB338 GCTGCCTCCCGTAGGAGT 94
Eukarya EUK516 ACCAGACTTGCCCTCC 90
Archaea ARCHO915 GTGCTCCCCCGCCAATTCCT 90
Alphaproteobacteria ALF1B CGT TCG YTC TGA GCC AG 68
Betaproteobacteria BET42a GCCTTCCCACTTCGTTT 86
Gammaproteobacteria GAM42a GCCTTCCCACATCGTTT 76
Actinobacteria HGC69a TATAGTTACCACCGCCGT 93
Geodermatophilus/ Blasto Geo/Blasto CCATCCCCAGCCGGAAACC

coccus group
Modestobacter genus Modesto TTCGCCGCTAGGGCA
Cyanobacteria CYA361 CCCATTGCGGAAAATTCC 91

3.1.2  Probe Hybridization

. Dip the slide in a fresh solution fixation buffer and incubate for

4 hat4°C.

. After the fixation, wash the samples in PBS at room tempera-

ture to remove any remaining fixative and store in 1:1 (v/v)
PBS/ethanol at —20 °C (see Note 32). Samples can be stored
for at least several months.

. Drain slide and allow it to air-dry. Confine a selected area with

a frame-seal incubation chamber.

. Dehydrate slides through an ascending ice-cold ethanol /water

series of 50, 80, and 100 % for 3 min each at room tempera-
ture. Air-dry the slide at any step (see Note 33).

. Add 50 ng of the selected probe/probes (se¢e Notes 34

and 35) (Table 3) [4, 10-18] to 50 pL of pre-warmed hybrid-
ization buffer. Protect the hybridization mixture in the dark
at 4 °C.

. Add 50 pL of the hybridization mixture in the square area,

remove the upper sticky tape, and carefully seal the slide with a
plastic sealer (see Note 36).

. Place the slides with samples to be hybridized in an in situ PCR

block at 46 °C for at least 3 h (see Note 37).

. Carefully remove the plastic sealer from the slide with forceps.

. Prepare 50 mL of washing buffer in a polyethylene tube and

preheat in a 48 °C water bath (see Note 38).



Biofilm Growing on Biodeteriorated Surfaces of Stone Cultural Heritage and Frescoes 351

3.1.3 EPS Staining,
Counterstaining, and
Signal Detection

6.

Quickly rinse off the hybridization mixture with a few milliliters
of preheated washing buffer (see Note 39).

. Immediately add 100 pL of the preheated washing buffer to

the square area, making certain that the cells are completely
covered, and incubate at 48 °C. Replace the buffer every 5 min
for 15 min (see Note 40).

. Gently rinse the slide with distilled water and air-dry it

(see Note 41).

. Add 50 pL of the EPS staining and counterstaining working

solution to the square area, making certain that the cells are
completely covered, and incubate for 10 min at room tempera-
ture in the dark (se¢ Note 42).

. Rinse slide with distilled water to ensure the removal of excess

stain, and let air-dry.

. Mount the slides with the appropriate antifading mounting

medium (see Note 43), and view the samples using confocal
laser microscopy (see Note 44). The sample can be stored for
a few days to many months in the dark at =20 or -70 °C
(see Note 45).

. Confocal microscope equipped with suitable lasers (major

providers: Leica Microsystems, Carl Zeiss, Nikon, and Olympus
Corporation) (see Note 46) (Table 4). For the best optical
resolution, use an oil-immersion objective of high numerical
aperture (NA) (1.30) with a x63 or x100 magnification. Good
results can also be obtained with high NA (1.25) water-
immersion objectives. The topic of image acquisition is a large

Table 4
Most frequently used fluorochromes in FISH analysis [24]

Wavelengths

Fluorochromes Excitation (nm)  Emission (hnm)  Color
AMCA 351 450 Blue
FITC 492 528 Green
FluoX 488 520 Green
TRITC 557 576 Red
Texas Red 578 600 Red
Cy3 550 570 Orange

Cy5 651 674 Infrared
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3.2 Scanning
Electron Microscopy

3.2.1 Analysis
of the Fragments

3.2.2 Analysis of
Polished Cross Section

one, and the reader is referred to the extensive literature on
this topic [19, 20].

. Process images in either Imaris software for qualitative

presentation (Bitplane Inc.) or Image] software (Java software
for image-processing analysis; freely available at http: //rsbweb.
nih.gov/ij/ for quantitative analysis.

Scanning electron microscopy (SEM) allows high-magnification
visualization of biofilms on frescoes and stone substrates. In par-
ticular, the biofilm structure, the superficial morphology of biofilm,
and the endolithic growth can be studied. Moreover, as biofilms are
able to develop within the substrates discontinuities (i.e., porosity,
cracks or fissure) and to cause disruption of the mineral matrix, the
observation of polished cross sections can provide further insight
into the damaging process [5].

Carry out all procedures as reported by Gulotta et al. [21],
Cappitelli et al. [22, 23], and Polo et al. [5].

1.

On the same day as the sampling by means of steel scalpel or
sharp chisel (see Note 47), fix samples overnight in 2 % glutar-
aldehyde solution.

2. Post-fix samples with 2 % osmium tetroxide solution.

. Dehydrate samples in serial higher concentrations of ethanol

(50, 60, 70, 80, 90 %, and absolute).

4. Dry the samples to a critical point.

. Mount the samples on a stub using conductive adhesive tape

and coat them with a nanometric layer of pure gold or other
conductive metals or carbon (se¢ Notes 18 and 48) by sputter-
ing or evaporation method (se¢ Note 19).

. Analyze the superficial morphology of the sample with biofilm

by SEM in the secondary electrons mode.

. Embed the samples into polyester or bicomponent epoxy resin

by means of demountable molds.

. Cut the prepared samples using a precision cutter in order to

expose to the surface the cross section.

. Grind and polish the cross section with SiC paper with

progressively growing grit sizes. As the grit size increases, the
section achieves a more polished appearance, thus allowing
better microscopic observations.

. Analyze the polished cross section by SEM in backscattered

electrons mode to study the sample stratigraphy, the endolithic
growth, and the damage extent. The coupled use of an Energy
Dispersive X-Ray Spectrometer (EDS) can also provide ele-
mental information of the sample.
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3.3 Denaturing
Gradient Gel
Electrophoresis

3.3.1 Total DNA
Extraction from
Environmental Samples

Community-level studies in SAB on artistic stone and frescoes are
relying more and more on culture-independent methods based on
the analysis of DNA (or RNA). The amount of sample needed to
study microbial communities using such molecular techniques is
smaller than for cultivation efforts (only a few mg of sample are
required), and this is a major advantage for studies in the cultural
heritage field. In addition, culture-independent molecular meth-
ods allow the study of a much broader spectrum of microorgan-
isms residing in SAB as both the cultivable and non-cultivable
fractions of the microbial community are identified. Here, the
PCR-denaturing gradient gel electrophoresis (PCR-DGGE) pro-
tocol is illustrated (see Note 49).

Carry out all procedures in aseptic conditions (se¢ Note 50).

1. Preferably on the same day as the sampling by sterile scalpel
(see Notes 51-53), pulverize the samples by mortar and pestle
(see Note 54) in sterile conditions, and put the powder into
2.0 mL tubes with 550 mL of TE. Store the samples at -20 °C.

2. Subject samples to three thermal cycles -80/+70 °C for
2-3 min each cycle using the thermomixer set at 70 °C and
-80 °C for the freezer cycle (see Note 55).

3. Add 50 pL of lysozyme solution (35 mg/mL) and incubate
samples at 37 °C for 30 min (see Note 56).

4. Add 53 pL of proteinase K (20 mg,/mL) and incubate samples
at 37 °C for 60 min (see Note 57).

5. Add 200 pL of the 10 % SDS solution (see Note 58) and incu-
bate at 37 °C for 30 min; at the same time, incubate the CTAB
at 37 °C for 10 min.

6. Add 100 pL of 5 M NaCl and 80 pL of CTAB/NaCl solution
(see Note 59). Mix carefully and incubate at 65 °C for 10 min.

7. Add an equal volume of phenol-chloroform-isoamyl alcohol
(25:24:1). Mix and centrifuge 10 min at 16,000 x 4. Transfer
the supernatant to new sterile 2 mL tubes (sec Note 60).

8. Add an equal volume of chloroform-isoamyl alcohol (24:1).
Mix and centrifuge 10 min at 16,000 x g. Transfer the super-
natant to new sterile 2 mL tubes (see Note 60).

9. Add 0.6 volume of'isopropyl alcohol. Leave the samples 1 h at
room temperature (se¢ Note 61).
10. Centrifuge at 13,000 x4 for 5 min and carefully remove the
supernatant (se¢ Note 62).
11. Wash the pellet of DNA with 500 pL ot 70 % ethanol.
12. Centrifuge at 16,000x g4 for 5 min and carefully remove the

ethanol. Leave the pellet to dry in thermomixer at 37 °C for
15 min.
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3.3.2 Amplification of
Microbial Communities

3.3.3 Analysis of
Obtained Amplicons
by DGGE

13. Add 50 pL of TE buffer pH 8 (see Note 63). Store at -20 °C.

14. Measure the DNA concentration by a NanoDrop spectropho-
tometer (see Note 64).

Analyze the bacterial communities, particularly the cyanobacterial
and the actinobacterial communities, by amplifying 16S rRNA
gene fragments; the algal communities, by amplifying 18S rRNA
gene fragments; and fungal communities, by amplifying the inter-
nal transcribed spacer (ITS) region fragments by PCR. Chemical
and thermal conditions of PCRs depend on the used primers and
must be optimized case-by-case (se¢ Note 65). Carry out all the
amplification reactions in a laminar flow cabinet with sterilized
tools. Verify the amplification reaction results by agarose gel elec-
trophoresis, performed as follows:

1. In an Erlenmeyer flask add an appropriate volume of 0.5x TBE
and 1.2 % (wt/v) of agarose. Close the Erlenmeyer flask using
a sheet of waxed paper and a rubber band (se¢ Note 66).

2. Place flask in a microwave oven and heat to obtain an agarose
solution (see Note 67).

3. Transfer the agarose solution to a gel tray (see Note 68)
equipped with a multi-well comb and wait for the polymeriza-
tion of the gel.

4. Remove the comb and transfer the gel to the tank submerged
in 0.5x TBE.

5. Load 2 pL of PCR product together with 2 pL of gel loading
solution, and 2 pL of marker, into the gel wells (see Note 69).

6. Set the power supply at 100 V and start the run, stopping it
when the blue loading solution is almost at the end of the gel
(see Note 70).

7. Carefully remove the gel and stain it in the 0.1 % ethidium
bromide solution for 20 min (se¢ Note 71).

8. Wash the gel in demineralized water.

9. Take pictures of the stained gel directly on a UV transilluminator
by the gel documentation system.

1. Clean and degrease the glass plates with 70 % ethanol
solution.

2. Place the glass plates and spacers together with the sandwich
clamps in the casting stand, where a rubber strip placed at the
bottom prevents leakage.

3. Assemble the gel sandwich: place the 16 cm glass plate on top
of the large plate, taking care to correctly place the spacers
along each edge of the plate assembly. Attach the plate clamps
(tight enough to hold everything together) and place the
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10.
11.

12.

13.

14.

entire assembly into the rear slot of the pouring stand. Loosen
the clamps slightly and use the spacing card to ensure proper
spacer alignment. Fix the plate clamps (tight, to prevent “leak-
age”) and remove the plate assembly from the pouring stand.
Inspect the plate assembly to ensure that the two glass plates
and the spacers form a flush surface along the bottom of the
assembly. If the surface is not flush, reset the plate assembly, as
breaches in the seal of the plate assembly with the bottom of
the pouring stand will result in leaking gel solutions. Place the
glass plates in the casting stand, where a rubber strip lies along
the bottom to prevent leakage (see Note 72).

. Place the gradient maker on a magnetic stirrer, with a magnetic

stir bar in each well to mix the solutions during gel prepara-
tion. Place the far end of the small (10 cm) delivery tubing
between two glass plates.

. Create 11.5 mL of the two proper solutions with the highest

denaturant concentration and with the lowest denaturant con-
centration by mixing the 0 % and the 100 % denaturing
solutions (see Note 73).

. Add 50 pLL APS and 15 p. TEMED to the proper high- and low-

denaturing solutions and mix well immediately (see Note 74).

. Quickly pour the high-denaturing solution into the right leg of

the gradient maker (on the pump side) and the low-denaturing
solution into the left leg. Make sure the pump is off and the
gradient maker-channels are closed. Open the gradient maker-
channels and simultancously start the pump at 10 mL/min.
When the solutions mix and reach the bottom of the glasses,
decrease the speed of the pump to 2.5 mL/min. Stop the flow
when the solutions are finished (see Note 75).

. Remove the needle and rinse the gradient maker and tubing

with Milli-Q water with the pump at the max flow speed.

. Carefully, without disturbing the gel solution, add approxi-

mately 2 mL of 1x TAE bufter to the gel solution to form a
layer on top of the gel solution, approximately 5 mm thick.
This layer will help the top boundary of the gel to be smooth.

Leave the gel to polymerize 2-3 h.

Remove the 1x TEA buffer with a syringe or a sheet of blot-
ting paper.

Clean a comb with 70 % ethanol solution and place the comb
between the glass plates (see Note 76).

Make the staking gel solution: 3 mL of 0 % denaturing solu-
tion, 2 pL of TEMED, and 40 of APS.

Drop the staking gel solution between the glass plates by pipette.
Be sure to avoid trapping any air bubbles (see Note 77). Let the
gel polymerize from at least 1 h to overnight (see Note 78).
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15.
16.
17.

18.

19.

20.

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.

Carefully remove the comb from the glass plates.
Clean the wells immediately with 1x TAE.

Add approximately 7 L of 1x TAE and fill the bufter chamber,
put about 0.5 L aside for later use.

Switch on the heater and recirculation pump. Preheat the
buffer in the universal mutation detection apparatus to 60 °C;
this will take about 1 h.

When the temperature is about 50 °C, interrupt the heating
and attach the gel plates to the core assembly. Two sets of
plates must be attached. If only one gel is to be run, the other
set of plates will be an assembly of two plates with no spacers
or gel. Be sure that the smallest glass plates and the rubber
gasket of the core seal hermetically.

Place the core assembly in the buffer chamber, fill the top reservoir
with remaining buffer, and check that the upper part does not
leak (see Note 79). Check the buffer height: surface should reach
at least “run,” better between “run,” and “maximum.”

Flush each well with buffer by a syringe to remove any unpo-
lymerized acrylamide. Failure to do this might result in uneven
well floors and unresolved bands (see Note 80).

Continue heating to 60 °C. Do not add plate assembly when
the buffer is too hot (555 °C) as this will cause the plates to
crack.

Make a prerun at 60 V for 1 h (see Note 81).

Load approximately 70 ng of DNA from the PCR product with
3 L of denaturing loading blue to each sample (see Note 82).

Run at 200 V for 10 min before turning on the recirculation
pump so as to minimize sample loss through washing sample
out of the wells (se¢ Note 81).

Run at 90 V for 16 h at 60 °C (see Note 81).

Remove the glass plates from the gel clamps. Carefully separate
the plates, leaving the gel exposed on the small plate. Use a
spacer to trim the well walls, but be sure to leave the left-most
wall slightly higher than the others to use as a reference. For
easy manipulation, the gel should be transferred to the staining
box in which it is stained and transported.

Stain the gel for 20 min in 400 mL of SYBR Green solution at
the dark.

Remove the SYBR Green from the staining box and wash the
gel in 400 mL of demineralized water for 10 min in the dark.
Repeat the washing another two times for 5 and 1 min,
respectively.

Slide the gel off the glass plate on to a UV transilluminator and
photograph the gel by the Gel Doc apparatus.
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31.

32.

33.

Excise all bands and transfer them in a 1.5 mL tube and elute
the bands in 50 pL of TE. Store the bans in a thermomixer at
37 °C for 4 h and overnight at 4 °C. Store the bands at -20 °C.
Amplify again the DNA as reported in Subheading 3.3.2, with
primers without GC clamp.

Sequence the amplified bands and analyze the sequences using
the sequences databases.

4 Notes

4.

. It is a hazardous solution and can cause cross-linking. Gloves

and safety glasses must always be worn, and the solution must
be made under a chemical fume hood.

. While stirring the cloudy suspension on a hotplate at 60 °C,

add 1-2 drops of 1 M NaOH. The solution should clear imme-
diately. Take care the solution does not boil. Once the powder
has dissolved and the solution clears, turn off the heat and
equilibrate to pH 7 with diluted HCI. Filter while still warm
(37-40 °C) through a 0.45 pm filter membrane.

. The success of the FISH technique depends on the accessibility

of the intracellular target site. The complicated cell wall struc-
tures of many rock-inhabiting bacteria and fungi (mostly mela-
nized) can hinder the entry of the probe and the emission of
the fluorescent signal [24]. Alternative effective permeabiliza-
tion methods employing enzymes (e.g., lysozyme and glucanase
for Gram positive and fungi, respectively), surfactants, osmotic,
and microwave irradiation strategies can be used [25-28].
There is a trade-oft between permeability and cell integrity that
must be taken into account to optimize results for individual
sample types.

Add sodium dodecyl sulfate last to avoid precipitates. During
the preparation of the hybridization buffer, place SDS in the
lid of the 2 mL centrifuge tube so it is added only when the lid
is closed and shaken.

. Deionized formamide is a toxic solution and should be handled

with care, avoiding contact with eyes and skin and also avoiding
inhalation and ingestion. Wear protective gloves and handle
under the fume hood. Store formamide at 4 °C.

. The formamide concentration is dependent on the probe used

and determines the stringency of the hybridization. Stringency
is a characteristic of the hybridization buffer that denotes the
degree of homology between the probe and its rRNA target
site. Adjustment of the salt concentration and the temperature
at which the hybridization reaction is conducted may also mod-
ulate hybridization stringency. While formamide concentration
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10.

11.

12.

13.

and temperature are directly proportional to stringency, salt
concentration is inversely correlated to stringency. We find that
it is more convenient to keep the incubator set at one tempera-
ture and to modulate the stringency by adding formamide. The
hybridization solution containing 40 % formamide is optimized
for the FISH probes, which are ~50-nt long with a GC content
of 50 %. Lower formamide concentration will favor nonspecific
probe binding, whereas higher formamide concentration will
prevent even the specific binding of probes to target rRNA.

. The probe stock usually comes dried and needs to be diluted in

sterile water according to manufacturer instructions.
Alternatively, measure a small aliquot in the photometer and
use the following formula: 1 OD,5~20 ng/pL. Keep the
probe solution on ice under dark conditions. Labeled probes
can be stored at -20 °C for several months.

. The washing buftfer is used to remove the unbound probe and

minimize background fluorescence and should be prepared at
the same stringency as the hybridization bufter. To avoid using
excess amounts of formamide, thus minimizing operator risks
and hazardous waste, washing buffer stringency is achieved by
decreasing the salt concentration (Table 1).

. Concanavalin A selectively binds to o-mannopyranosyl and

a-glucopyranosyl residues. It is used to visualize the polysac-
charidic component of the extracellular polymeric matrix as poly-
saccharides are a major fraction of the EPS matrix [29]. A broad
selection of Concanavalin A conjugates is commercially available.
Select appropriate fluorochromes for multicolor analysis.

In most cases a small percentage of the conjugate will remain
as a visible aggregate in solution. For longer storage, divide the
solution into aliquots and freeze at -20 °C. Protect from light
and avoid repeated freezing and thawing.

DAPI is a known mutagen and should be handled with care.
For long-term storage, the stock solution can be aliquoted and
stored at =20 °C. For short-term storage, the solution can be
kept at 2—6 °C, protected from light. When handled properly
DAPI solutions are stable for at least 6 months. The excitation
maximum for DAPI bound to dsDNA is 358 nm, and the
emission maximum is 461 nm. DAPI can be excited with a
xenon or mercury-arc lamp or with a UV laser.

The biofilm matrix can contain considerable protein amounts.
In order to visualize the proteinaceous component of the
extracellular polymeric matrix, 10 pg/mL of the amine-reactive
dye BODIPY 630,/650-X SE can be used.

Although polysaccharides and proteins are the major fractions
of the EPS matrix, biofilms of various origins have been found
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14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.
26.

to contain extracellular DNA (eDNA). eDNA can be detected
with DAPI.

Centrifuge the dye solution briefly in a microcentrifuge before
use; only the supernatant should then be added to the experi-
ment. For short-term storage, the solution can be kept on ice,
protected from light.

A simple homemade humidity chamber can be made as follows:
place filter papers saturated in water at the bottom of a plastic
box. Put two glass rods on the top of the filter paper and place
the slides on top of these; then put the lid on the box and
place the box in an incubator at 45 °C. This forms a chamber
with relative humidity of 60-70 %.

Use caution when working with the solid sodium cacodylate
and the buffer solutions: the compounds are toxic and contain
arsenic.

The solution must be prepared and used under a chemical
fume hood.

To make the samples conductive to the electron beam.
Conductive materials give a high secondary electron yield.
A higher secondary electron signal allows better images. Also
in backscattered electrons mode, conductive materials give a
high backscattered emission.

The sputtering method is fast and easy but can cause a slight
heating of the sample. The thickness of the sputtered layer
depends on the current, sputtering time, target to sample dis-
tance, and material being sputtered. The evaporation method
allows a lower heating of the sample, but it is usually slower
than sputtering and less controllable as for the thickness of the
coating layer. It needs a big vacuum chamber with long distance
between the target and sample to minimize sample heating.

Alternatively in TE buffer added with 50 % glycerol to be
stored for longer times.

Do not dissolve in 100 mL of deionized /Milli-Q water. In most
cases, solution volume increases when the large amount of
solute is dissolved in solvent.

To be stored in cold room at 2-8 °C sealed with parafilm.

It is a hazardous solution. Gloves and safety glasses must always
be worn, and the solution must be manipulated under a chemical
fume hood.

Alternatively, an agarose gel electrophoresis equipment.
PCR reagents can be purchased ready.

The CYA781Ra and CYA1781Rb primers (Table 2) are specific
for the amplification of 16S rRNA gene segments from cyano-
bacteria and plastids [6].
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27.
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30.
31.

32.

33.

34.

35.

36.

37.

38.

Ethidium bromide is one of the most widely used nucleic acid
stains in molecular biology laboratories. However, being both
highly toxic and a mutagen, some safer alternatives are avail-
able as SYBR Safe™ DNA gel stain.

The gels must stay horizontally in the staining boxes immersed
in the dye solution. The staining boxes are equipped with a
hole to drain the dye.

Make fresh when required or aliquot 0.5 mL into 1.5 mL tubes
and freeze until needed.

Make fresh SYBR Green every 7—-8 colorations or 2 weeks.

Inorganic material collected with the adhesive tape and sur-
rounding the microbial community can also be fluorescent. The
washing step aims to remove residual salts, reducing sample auto-
fluorescence. However, the geometric shape of rock-salt crystal
structures can be easily recognized and discerned from the fluo-
rescent signal associated to the biomass.

Residual salt crystals can remain after evaporation when air-drying
the sample, causing background fluorescence. Stock samples in
1:1 (v/v) water/ethanol for immediate use or in PBS /ethanol for
long storage.

Do not store slides after this pre-hybridization treatment.
Proceed with the in situ hybridization within hours.

Comprehensive resources for >600 probe sequences (e.g., pro-
beBase and SILVA dataset) that provide various online tools for
checking specificity and coverage are available online [30-32].
A list of the most popular group-specific probes is provided in
Table 3.

Specificity of the rRNA hybridization should be checked by
incubating an additional area of the fixed samples for 1 h at
37 °C in 0.5x PBS, pH 7.4, with and without 0.5 mg/mL
RNase A and 83 U/mL RNase 1. This sample represents the
negative control.

Avoid trapping air bubbles between the plastic sealer and the
slide. Air bubbles can hamper hybridization. To avoid these,
pipette the volume of hybridization mixture into the frame at
one end and roll the flexible plastic sealer over the frame,
beginning at the end where the mixture is added.

Overnight hybridization at 37 °C can also be performed for
convenience. However, long incubation times might increase
background fluorescence noise.

During the washing step, increase the water bath temperature
by 2 °C, with respect to the hybridization temperature, to pre-
vent nonspecific probe binding and to promote the diffusion
of unbound probe outside the cells.
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40.

4].

42.
43.

44.

45.

46.

47.

48.

Avoid the slide cooling down as temperature is a critical
parameter in defining stringency. During this and subsequent
steps, protect the sample with aluminum foil to prevent
bleaching.

Slight background staining of the adhesive tape may occur.
In this case, improve the washing step by putting the slide into
the 50-mL falcon tube containing the preheated washing buf-
fer, and incubate at 48 °C for at least 20 min.

The stream of rinse water is aimed above the selected square area
and allowed to cascade over it and off the slide. Do not point the
wash bottle stream directly at the chamber with sample. Also,
rinse the back of the slide to remove any salts present.

Air bubbles can hamper staining.

The use of the antifading reagent is very important for the imag-
ing of fluorescent dyes. The choice ofa specific antifading reagent
depends on the label used. Citifluor AFI (Citifluor, London,
UK) and Slow Fade antifade kit (Molecular Probes, Eugene,
USA) can be used to protect a wide range of fluorophores from
photobleaching.

Probe-conterred fluorescence fades much more rapidly than
DAPI fluorescence in the microscopic image, and UV excita-
tion will also bleach the probe signal. Thus, it is safer to visual-
ize probe-stained cells first, then, subsequently, all cells from
the same field of vision in UV excitation.

Microorganisms (e.g., photosynthetic bacteria, eukaryotic
microalgae) frequently exhibit a natural autofluorescence from
chlorophyll or other pigments. Autofluorescence decay gradu-
ally follows cell death. Thus, autofluorescence measurements
are best conducted on freshly collected samples. However,
autofluorescence phenomenashould be taken into consideration
in the choice of the fluorochrome.

In alternative to the CLSM, a standard wide-field epifluores-
cence microscope can be used to acquire FISH images. Use an
upright microscope equipped with epifluorescence illumination
and an appropriate combination of filters (Table 4). A micro-
scope objective with a high numerical aperture (NA) is desirable
to collect the maximum number of photons. The fluorescence
filter sets are optimized to maximize emission collection and
minimize the spectral overlap in case of multicolor FISH.

Use a sheet of weighing or other smooth paper to facilitate the
collection of fragments and powder material from the substrate
during sampling.

Make the gold layer as thin as possible (nanometric scale) and
keep the coating layer particles as small as possible to obtain
well-defined images of the sample’s surface.
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49.

50.
51.
52.
53.

54.
55.

56.
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58.

59.

60.

61.

62.

63.

64.

65.

The PCR-DGGE approach is the most frequently used
culture-independent method based on the analysis of DNA or
RNA for studies in the cultural heritage field. However, the
composition and structure of microbial communities living on
the surface of stone have also been studied recently by pyrose-
quencing [33].

In a laminar flow cabinet or near a Bunsen burner.

Collect less than 15 mg of material.

Use a new sterile scalpel for every sample.

Use a sheet of paper to gather the sample powder and to put
the sample in the tube.

If samples need to be pulverized, otherwise neglect.

The transfer during the thermal cycles must be fast to ensure
strong thermal shock to break the cellular walls.

To break down the cell wall for lysing bacteria.

To digest protein and remove contamination from prepara-
tions of nucleic acid. Addition of proteinase K to nucleic acid
preparations rapidly inactivates nucleases that might otherwise
degrade the DNA or RNA during purification.

SDS is a strong anionic detergent that can solubilize the
proteins and lipids that form the membranes. This will help
the cell membranes and nuclear envelopes to break down.
In addition to removing the membrane barriers, SDS helps
release the DNA from histones and other DNA-binding
proteins by denaturing them.

To remove residues of cellular walls, polysaccharides and
unscathed proteins from the solution containing DNA.

Be careful to transfer the supernatant without including the
substances at the interface.

To allow the DNA precipitation.

Use 100 pL tips to remove carefully the supernatant. In alter-
native, use firstly 1,000 pL tips and complete the removal with
100 pL tips.

To obtain more concentrated DNA, add 25 or 10 pL of TE
bufter.

Alternatively, the DNA extraction can be verified by an electro-
phoresis run with 1 % agarose gel.

Bacterial community can be analyzed with primers GC-357 F
and 907 R and with the following chemical conditions: 1x of
PCR bufter, 1.8 mM of MgCl,, 0.2 mM of ANTP mix, 0.3 pM
of each primer, 2 pg/pL of BSA, and 1.25 U of Tag DNA
polymerase. Carry out the reactions in a total volume of 25 pL.
containing 2.5 pL of template DNA (if necessary dilute the
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template before the PCR). Thermal cycling program: initial
denaturation at 94 °C for 4 min, 10 cycles consisting of dena-
turation at 94 °C for 30 s, annealing at 61 °C for 1 min and
extension at 72 °C for 1 min, 20 cycles consisting of denatur-
ation at 94 °C for 30 s, annealing at 56 °C for 1 min and exten-
sion at 72 °C for 1 min, and a final extension step at 72 °C for
10 min [5].

Cyanobacterial communities can be analyzed using the
primers CYA359-GC and CYA781R (equimolar mixture
between primers CYA781Ra and CYA781RDb) according to
Nubel et al. [6] (see Note 26) and with the following chemical
conditions: 1x of PCR buffer, 1.8 mM of MgCl,, 0.2 mM of
dNTP mix, 0.5 pM of each primer, 5 % of DMSO, and 0.63 U
of Tag DNA polymerase. Carry out the reactions in a total
volume of 25 pL containing 3 pL. of template DNA (if neces-
sary dilute the template before the PCR). Thermal cycling pro-
gram: initial denaturation at 94 °C for 5 min, 35 cycles
consisting of denaturation at 94 °C for 45 s, annealing at 60 °C
for 45 s and extension at 72 °C for 2 min, and a final extension
step at 72 °C for 10 min.

Algal communities can be studied with primers NS1-GC
and NS2 and with the following chemical conditions: 1x of
PCR butffer, 1.8 mM of MgCl,, 0.2 mM of dNTP mix, 0.5 pM
of each primer, 5 % of DMSO, and 0.63 U of Taq DNA poly-
merase. Carry out the reactions in a total volume of 25 pL con-
taining 3 pL of template DNA (if necessary dilute the template
before the PCR). Thermal cycling program: initial denaturation
at 94 °C for 5 min, 35 cycles consisting of denaturation at 94 °C
for 45 s, annealing at 63 °C for 45 s and extension at 72 °C for
2 min, and a final extension step at 72 °C for 10 min [4, 5].

Fungal communities can be investigated by a semi-nested
PCR performed with primer combinations NS5 and I'TS4 (for
the first PCR step) and ITS4 and GC-ITS1 (for the second
PCR step). Perform the first amplification step with the follow-
ing chemical conditions: 1x of PCR butffer, 1.8 mM of MgCl,,
0.2 mM of ANTP mix, 0.5 pM of each primer, and 0.625 U of
Taq DNA polymerase. Carry out the reactions in a total vol-
ume of 25 pL containing 2 pL. of template DNA (if necessary
dilute the template before the PCR). Thermal cycling pro-
gram: initial denaturation at 95 °C for 3 min, 30 cycles consist-
ing of denaturation at 95 °C for 45 s, annealing at 52 °C for
45 s and extension at 72 °C for 2 min, and a final extension
step at 72 °C for 10 min. Use the first PCR product as template
tor the second amplification step. Perform the second amplifi-
cation step with the following chemical conditions: 1x of PCR
bufter, 1.8 mM of MgCl,, 0.2 mM of dNTP mix, 0.5 pM of
each primer, 5 % of DMSO, and 0.625 U of Taq DNA poly-
merase. Carry out the reactions in a total volume of 25 pL
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76.

77.

78.

79.

80.

containing 2 pL. of template DNA (if necessary dilute the
template before the PCR). Thermal cycling program: initial
denaturation at 94 °C for 5 min, 35 cycles consisting of dena-
turation at 94 °C for 45 s, annealing at 58 °C for 45 s and
extension at 72 °C for 2 min, and a final extension step at
72 °C for 10 min [5, 34]. Alternatively, the fungi community
can be studied by amplifying 18S rRNA gene fragments [4].

Pierce the waxed paper to allow air to escape during the heating.

After some seconds of boiling, check the agarose suspension
until it is completely dissolved.

Gels may be cast with a UV-transparent plastic tray directly on
the gel stage of the electrophoresis bases using the gel casting
gates. Gels may also be cast on the removable plastic trays with
the aid of the gel caster or with standard laboratory tape.

The samples composed by 2 pL of PCR product and 2 pL of
gel loading solution can be prepared on a hydrophobic surface
(for example parafilm) to be loaded in the agarose gel.

Or at least 3/4 of gel length.

The staining could require more than 20 min if the ethidium
bromide solution is old.

If necessary, two rubber strips can also be used to prevent
leakage.

The suitable denaturing gradient of proper solutions depends
on samples; therefore, this must be set up case-by-case in order
to obtain an optimal resolution of the different gene fragments.
To optimize the analysis, perform a first test with a wide dena-
turing gradient for the gradient setup, and a second test with a
more focused denaturing gradient. In general 40-60 and
30-50 % are wide denaturing gradients for bacteria and fungi,
respectively.

These reagents begin the polymerization of the acrylamide.

Alternatively, stop the flow when the acryl is approximately
0.5 cm under the comb level (the comb will be placed later).

To obtain good wells ensure that the comb and spacers are of
the same thickness.

If necessary, remove air bubbles moving the comb up and down.

In case of overnight polymerization, envelop the cast with wet
blotting paper and plastic film, and conserve the gel at 4 °C to
avoid gel dehydration.

In case of leakage from the upper part, ensure that the smaller
glass plate and the rubber gasket of the core are tightly sealed.

To be sure bring a little bit of loading dye into the wells and
flush the wells with 1x TAE by syringe until all dye is removed.
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81. Check that the metal filament in the upper part of the core
assembly is fully immersed by the buffer to avoid the run inter-
ruption. In case of leakage of buffer from the upper part
(see Note 79), the metal filament could not be fully immerged.

82.

The volume loaded depends on the success of the PCR and the

number of expected products. For example, soil samples pro-
duce many products; therefore, the maximum volume should
be loaded. Conversely, when running a single PCR product, a
few microliters will be enough. In general, biofilm samples
from fresco and stone materials do not yield many products.
It might be useful to make a first test to calibrate the volume

to be loaded.
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Chapter 25

Biofilms of Thermophilic Bacilli Isolated from Dairy
Processing Plants and Efficacy of Sanitizers

Sara A. Burgess, Denise Lindsay, and Steve H. Flint

Abstract

In many environments, bacteria can attach to a surface and grow into multicellular structures, otherwise
known as biofilms. Many systems for studying these biofilms in the laboratory are available. To study bio-
films of the thermophilic bacilli in milk powder-manufacturing plants, standard laboratory biofilm tech-
niques need to be adapted. The focus of this chapter is on techniques that can be used for growing and
analyzing biofilms of thermophilic bacilli that are isolated from dairy processing plants. These techniques
include laboratory methods as well as how to set up a pilot-scale experiment. The laboratory methods
consist of a microtiter plate assay, which is used for strain selection, and the CDC reactor, which is used for
testing sanitizers and antimicrobial surfaces. In dairy processing, it a new sanitizer or antimicrobial surface
appears to be promising, it is useful to carry out pilot-scale experiments before introducing it to a manu-
facturing plant. We describe how to set up a pilot-scale experiment for testing the efficacy of sanitizers
against the thermophilic bacilli.

Key words Biofilm, Thermophiles, Milk, Dairy, Anoxybacillus, Geobacillus, Sanitizers

1 Introduction

Thermophilic bacilli are a key reason for poor quality in milk powder,
caused by the release of bacteria from biofilms growing in preheaters
and evaporators in the milk powder-manufacturing plant [1, 2].
Therefore, understanding how these bacteria grow and testing
different sanitizers and antimicrobial surfaces against these bacteria
are important. A number of different methods have been used for
growing and analyzing biofilms of the thermophilic bacilli, includ-
ing microtiter plate assays, recirculating flow systems [3, 4] and
continuous flow-through systems [3, 5]. The method selected
depends on what is being analyzed. The common components
among all these systems are the use of sterile reconstituted milk as
the growth medium and the use of stainless steel as the surface for
attachment. We have found that the use of other growth media

Gianfranco Donelli (ed.), Microbial Biofilms: Methods and Protocols, Methods in Molecular Biology, vol. 1147,
DOI 10.1007/978-1-4939-0467-9_25, © Springer Science+Business Media New York 2014
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such as trypticase soy broth (TSB) and the use of glass as the sur-
face result in less robust biofilms.

Microtiter plate assays are useful for strain selection.
Thermophilic bacilli do vary in their ability to form biofilms; there-
fore, it is important to select the most robust biofilm former before
testing sanitizers and antimicrobial surfaces. Microtiter plates also
have a higher throughput than flow-through systems. We outline a
protocol for growing biofilms of the thermophilic bacilli on stain-
less steel coupons in microtiter plates. Removal of the attached
cells from the coupons and subsequent plate counts can be used for
comparing strains.

For testing the efficacy of sanitizers, we have found that the
CDC reactor gives the most robust results. In general, biofilms
formed under static conditions tend to be more susceptible to sani-
tizers than those formed using the CDC reactor [6]. As biofilms of
thermophilic bacilli form under turbulent flow in milk powder-
manufacturing plants, it is important that in the laboratory, the
sanitizers being tested against these bacteria are used on a biofilm
that has also been formed under turbulent flow.

It a new technology is to be introduced into a dairy processing
plant to prevent the formation of biofilms, it is important to test it
at a pilot-scale level. The results from a laboratory experiment can
vary greatly from those at a pilot-scale level or in a manufacturing
plant. We describe how a pilot-scale pasteurizer can be used to test
the effect of sanitizers on biofilms of the thermophilic bacilli.

2 Materials

2.1 Microtiter
Plate Assay

2.2 CDC Biofilm
Reactor

. Strains of thermophilic bacilli.

. Trypticase soya agar (TSA).

. Milk plate count agar (MPCA).

. Milk plate count agar+0.2 % starch (MPCA+S).

. Reconstituted skim milk (RSM): add 100 g of skim milk pow-
der to 910 mL of water and autoclave at 115 °C for 15 min.

|92 W= NS B NS
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. 0.1 % peptone.
7. Six-well microtiter plate.

8. 1 cm? stainless steel coupons with a grade 2B finish (see Note 1).
Autoclave before use.

9. Sterile plastic tubes.
10. Glass beads.

This method is used for testing the efficacy of sanitizers against
thermophilic bacilli and is based on the method described by
Luppens et al. [7]. It can also be used for testing antimicrobial
surfaces.



2.3 Pilot-Scale
Pasteurizer
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. Strains of thermophilic bacilli.

TSA.
TSB.
RSM.

. 0.1 % peptone.
. Potassium phosphate bufter.
. Sanitizers.

. Difco Neutralizing Buffer.

CDC reactor and magnetic plate stirrer (Biosurface
Technologies Co., Bozeman, Montana).

. Masterflex L /S digital economy drive multi-channel peristaltic

pump (Cole-Parmer, Thermo Scientific, North Shore City,
New Zealand), Masterflex Santoprene tubing (2.79 mm, cata-
logue number 643-48), and connectors.

Red natural rubber connecting tubing (Global Science, Albany,
Auckland, New Zealand).

Grade 2B surface finish stainless steel coupons (Biosurface
Technologies Co.).

Waste bucket.

Incubator or refrigerator at 4-5 °C.

This system incorporates the modified Robbins device, which is
based on the Robbins device designed by McCoy et al. [8]. It is
a stainless steel unit that can be installed in a section of
manufacturing plant.

1.
2.
3.

4.
5.

Pilot-scale plate heat exchanger (PHE) (e.g., Sondex PHE).
Modified Robbins device (Fig. 1).

Sterile vacuum sampling tubes (Vacuette® Greiner Labortechnik,
Thermo Science) and sterile vacutainer needles.

1.5 % sodium hydroxide.

1 % nitric acid.

Fig. 1 The modified Robbins device
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6.

10.
11.
12.

Approximately 60,000 L of raw or pasteurized milk
(see Note 2).

. Rinse water.
. MPCA.
. MPCA +8S.

TSB.
0.1 % peptone.

Sanitizer, e.g., Perform (Orica, New Market, Auckland, New
Zealand).

3 Methods

3.1 Microtiter 1.
Plate Assay

Streak strains of interest on to TSA and incubate overnight
at 55 °C.

. Resuspend the culture in 0.1 % peptone and adjust to an absor-

bance of 0.14ponm (se¢ Note 3).

. Set up a six-well microtiter plate by placing 2—4 stainless steel

coupons into each well and add 5 mL of RSM.

. Transfer 50 pL of the bacterial suspension into each well of the

six-well microtiter plate. Incubate for 8 h at 55 °C (se¢ Note 4).

. Remove the RSM and replace with 5 mL of fresh RSM.

6. Incubate at 55 °C for a further 8 h.

10.

11.

12.

3.2 CDC Biofilm 1.
Reactor

3.2.1 Reactor Setup

. Remove the stainless steel coupons and gently rinse with

10 mL of 0.1 % peptone. Repeat.

. To remove the attached cells, place the coupon in a sterile plas-

tic tube with 5 g of glass beads and 10 mL of 0.1 % peptone.

. Mix by vortex for 1 min.

For total thermophile counts, carry out serial tenfold dilutions
in 0.1 % peptone and plate on to MPCA (seec Note 5).

For thermophilic spore counts, heat treat the attached cell
suspension at 100 °C for 30 min and carry out serial tenfold
dilutions and plate on to MPCA +S (see Note 6).

Incubate the plates at 55 °C for 2 days before counting
(see Note 7).

Autoclave the CDC reactor, tubing, and stainless steel cou-
pons (see Note 8).

2. Connect the components aseptically as outlined in Fig. 2.

. Immediately before starting the reactor, pour 100 mL of ster-

ile RSM into the CDC reactor vessel and switch the magnetic
stirrer on to a temperature of 55 °C (see Note 9) and a speed
of 200 rev/min.
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Pump 15 mL/min

=

—

Carboy
containing RSM

Magnetic
Stirrer

Waste Bucket

Fig. 2 Schematic diagram of the setup for the CDC reactor

3.2.2 Culture Preparation

3.2.3 Operation
of the Reactor

3.2.4 Testing the
Efficacy of the
Sanitizer

. Streak strains of interest on to TSA and incubate overnight

at 55 °C.

. Subsample one colony into 10 mL of TSB, incubate at 55 °C,

and grow until mid-exponential phase (se¢ Note 10).

. Dilute the culture by 1,/100 in 100 mL of TSB and grow for a

further 6-8 h until mid-exponential phase.

. Transfer the 100 mL of culture into 2 L of sterile RSM.

. Pour the RSM culture into the sterile carboy and connect to

the pump aseptically.

. Switch on the peristaltic pump to a flowrate of 15 mL/min

(see Note 11).

. The RSM will pass through rubber tubing from a storage con-

tainer, located in the 4 °C incubator, into the CDC reactor.

. Run for 24 h.

. Remove the coupons, rinse gently in 10 mL of 0.1 % peptone,

and repeat (see Note 12).

. For sanitizer exposure, place the coupons in a volume (between

3 and 5 mL) of sanitizer or potassium phosphate bufter in a closed
50 mL tube. Refer to Table 1 for examples of sanitizers [9].

. After exposure at room temperature for the time chosen (usu-

ally 1-5 min), remove the sanitizer solution and add 10 mL of
neutralizing buffer.
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3.3 Pilot-Scale
Pasteurizer

3.3.1 Operation of the
Pilot-Scale Pasteurizer

Table 1
Examples of sanitizers

Recommended
concentration
Sanitizer Active ingredient (ppm)?
Citrox Flavonoids from citrus fruits 150
Todophor multi ~ Iodine and iodophor complexes 15
Oxonia active Hydrogen peroxide and 400
peroxyacetic acid
Ster-Bac n-Alkyldimethylbenzylammonium 400

chlorides

“These concentrations are based on British Standard BS EN 1276:1997 [8]

4. Place glass beads in the tube and mix the tube by vortex for
1 min to remove the attached cells from the coupon.

5. Prepare plate counts as described in steps 8-12 in
Subheading 3.1.

6. Compare the plate counts from the treated coupons with those
from the untreated coupons to determine the efficacy of the
sanitizer or antimicrobial surface.

1. Set up the pilot-scale system so that the raw milk flows from a
balance tank and is heated using a preheater PHE before it
passes through a regenerative PHE, followed by a high heater
in which it is pasteurized. Then cool the pasteurized milk using
the cooling side of the regenerative PHE and an additional
cooler (Fig. 3). The temperature profile of the pilot-scale sys-
tem is illustrated in Fig. 4.

2. Install the modified Robbins device in the section of manufac-
turing plant post-pasteurization, where temperatures are opti-
mal for the growth of thermophilic bacteria. In this example, it
was installed between cooling pass 2 and cooling pass 3.

3. Install rubber septum sample points at various locations
throughout the system for taking milk samples. At a minimum,
they should be located ex (exiting) balance tank, exregenera-
tive PHE—heating side, ex high heater, and ex regenerative
PHE—cooling side.

4. Before starting each run, sanitize the system by circulating
0.2 % Perform at ambient temperature for 15 min; follow with
a water rinse for 10 min (se¢e Note 13).

5. Operate the pilot-scale system under turbulent flow
(see Note 14). In this case, it was operated at a flowrate of
2,500 L/h for 24 h.
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Fig. 3 Schematic diagram of the pilot plant setup
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Fig. 4 Temperature profiles through sections of the regenerative PHE: exiting the preheater (open triangle),
exiting section 1 of the heating side of the regenerative heater (grey circle), exiting section 2 of the heating side
of the regenerative heater (grey triangle), exiting section 3 of the heating side of the regenerative heater (grey
diamona), exiting section 4 of the heating side of the regenerative heater (grey square), exiting section 4 of the
cooling side of the regenerative heater (black square), exiting section 3 of the cooling side of the regenerative
heater (black diamona), exiting section 2 of the cooling side of the regenerative heater (black triangle), exiting
section 1 of the cooling side of the regenerative heater (black circle), and exiting the cooler (open square)

3.3.2  Preparation 1. Prepare the «culture as described in steps 1-3 of
of the Culture Subheading 3.2.2.

2. Transfer 10 mL of the culture into 2 L of TSB and incubate for
a further 4-6 h until mid-exponential phase (se¢ Note 15).

3. Pump the culture at a rate of 5 mL/min into the balance tank
throughout the run (se¢ Note 16).
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3.3.3 Sampling Regime 1. To monitor the growth of thermophilic bacteria in milk over
time, take samples from the rubber septums, using the vacuum
sampling tubes and needles, every 2—4 h.

2. Obtain total thermophile counts and thermophilic spore
counts of the milk samples as described in steps 10-12 in
Subheading 3.1 (see Notes 17 and 18).

3. After 18-24 h, stop the pilot-scale system and rinse with water.

4. Remove the modified Robbins device from the system
(see Note 19).

5. Obtain cell counts of the attached cells on the coupons as
described in steps 1-4 in Subheading 3.2.4 (see Note 20).

3.34 Opening and 6. Open the PHE and swab at the end of each run in the opti-
Sampling of the PHE mum temperature zone for thermophile growth (see Note 21).

7. After swabbing, remove the sponge end of the swab and place
in a stomacher bag with 10 mL of 0.1 % peptone.

8. Stomach the swab for 2 min.

9. Carry out serial dilutions in 0.1 % peptone and prepare plate
counts as described in steps 10-12 in Subheading 3.1.

3.3.5  Clean-in-Place 10. For a standard CID, flush the system with 1.5 % sodium hydrox-

Regime (CIP) ide at 76 °C for 30 min, rinse with water at ambient tempera-
ture for 10 min, flush with 1 % nitric acid wash at 65 °C for
30 min, and then rinse again with water at ambient tempera-
ture (see Note 22).

11. Open the PHE to check that there is no visible foulant/bio-
film. If there is, repeat the CIP.

4 Notes

1. Prior to use for the first time, passivate the stainless steel cou-
pons in 50 % nitric acid at 70 °C for 30 min and rinse with
water. For subsequent use, clean with 5 % Pyroneg (pyrogeni-
cally negative cleaner, Thermo Fisher Scientific.) and rinse with
distilled water. Coupons composed of other materials, such as
rubber, polyurethane, or polyvinylchloride, should be steril-
ized as appropriate.

2. This volume is based on operating the PHE for 24 h at a flow-
rate of 2,500 L/h.

3. A bent 200 pL pipette tip can be used to scrape off colonies.
As colonies of the dairy thermophilic bacilli are generally quite
small, scraping off half a plate into 3 mL of 0.1 % peptone
should give an ODggpnn Of approximately 0.2—0.5. Additional
peptone can then be added to bring the ODgppnm down to 0.1.
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4.

10.

11.

12.

13.

14.
15.

16.

Incubation for longer than 8 h can result in coagulation of the
milk. Topreventcoagulation,100mM MOPS (3-(N-morpholino)
propanesulfonic acid) can be added to the medium.

. Plate counts can be prepared using pour plates [2] or droplet

plates [10]. If the droplet plate technique is used, the plates
need to be prepared at least 2 days in advance to allow time for
drying.

. When spores are expected to be in low numbers, a 1 mL spread

plate can be included in the test procedure.

. If the droplet plate technique is used, the incubation time

should be reduced to 1 day.

. Stainless steel coupons can be autoclaved in the holders within

the CDC reactor vessel. For permanent antimicrobial surfaces,
sterilize as recommended by the manufacturer and place in the
coupon holder aseptically. Untreated stainless steel coupons
should also be included as a control. For temporary antimicro-
bial surfaces, dip sterile stainless steel coupons into the antimi-
crobial agent and place into the coupon holder. A separate
control run should be carried out.

. To ensure that the CDC reactor remains at a constant tem-

perature of 55 °C, it can be placed in a small water bath on top
of the magnetic stirrer.

Mid-exponential phase should be reached within 6-8 h of
incubation. If the thermophilic bacilli are grown for too long,
they will reach stationary phase and cells will start to die off.

Biofilms of Geobacillus stearothermophilus have a doubling time
of'approximately 25 min [ 3]; therefore, the CDC reactor must
be run at a flowrate of greater than 14 mL/min to ensure that
the residence time is less than the doubling time.

If antimicrobial surfaces are being tested instead of sanitizers,
after rinsing the coupon, the attached cells can be removed and
counted (Subheading 3.1, steps 8-12). Alternatively, surfaces
can be swabbed to remove bacterial cells as described in ISO
18593:2004 [11].

If an antibacterial agent is being tested for its effect on extend-
ing the run length, replace the sanitizer with the antibacterial
agent. Prepare the antibacterial agent according to the manu-
facturer’s instructions. In this case, individual runs would need
to be compared with and without the antibacterial agent and
no sanitizer would be used at the end of the run.

The flowrate will depend on the system being used.

The thermophile count of the inoculum should be approxi-
mately 107 cfu/mL.

The thermophile count of the raw milk after the addition of
the inoculum should be approximately 10? cfu/mL.
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Fig. 5 Total thermophile counts in the milk from a pilot-plant-scale PHE inocu-
lated with G. stearothermophilus throughout a 24-h run: exiting the preheater
(open triangle), exiting section 1 of the heating side of the regenerative heater
(grey circle), exiting section 4 of the heating side of the regenerative heater (grey
square), exiting section 4 of the cooling side of the regenerative heater (black
square), and exiting section 1 of the cooling side of the regenerative heater
(black circle)

17. Thermophiles may be present in low numbers in raw milk. To

18.

19.

20.

21.

22.

confirm that the culture used to inoculate the milk is the same
strain as the strain that has grown in the pasteurizer system,
5-10 colonies should be typed using a method such as random
amplification of polymorphic DNA (RAPD) [12].
Thermophile counts should increase over time in section 4 of
the heating side of the regenerative heater as well as in the
cooling side. Figure 5 illustrates the results expected for ther-
mophile counts in the milk over time.

To remove coupons from the modified Robbins device during
the run, the system must be stopped and the coupons replaced
with sterile coupons. Therefore, it is recommended that the
coupons be removed only at the end of a run.

Alternatively, the biofilm can be visualized using epifluorescent

microscopy by staining with an epifluorescent stain such as the
LIVE/DEAD stain [13].

A sterile stainless steel frame should be used so that a defined
area can be swabbed each time. The area can be swabbed
according to the method described in ISO 18593:2004 [11].

If the first water rinse is milky in color, the caustic wash should
be repeated.
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