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22 Study of Biofouling Control with
Fluorescent Probes and Image
Analysis

E Philip Yu and Gordon A. McFeters \

This chapter discusses the use of various fluorescent probes in biofilm study, As fluorescence Microscopy
and digital imaging technology progress rapidly due to the development of high-speed personal computer |
processors, it will no longer be necessary to tely on a bulky super computer to do the complicated
algorithmic calculations. Micrographs can be digitized, enhanced, and visualized beyond the limit of
the human eye. Digital image processing has brought light microscopy into three-dimensional resolution,
which is crucial if biofilm researchers are to understand the spatial distribution and heterogencity among .
. biofilms. Current progress in biofouling control, with the combination of fluorochromes, microscopy

and image analysis is reviewed here.

INTRODUCTION

The existence of biofilms was first recognized in soil (Sshngen, 1913), and later studied |
in aquatic environments (Henrici, 1933; Zohell, 1943; Mckalanos, 1992). Since then i
much progress has been made in understanding the ecology and physiology of adherent :

microotganisms (Characklis and Marshall, 1990; Lappin-Scott et @l., 1992). The i
adhesion event exerts a profound effect on bacteria. Attachment alters their physi-
ological processes (Costerton ef af., 1987; Davies and McFeters, 1988; Kalbel-Boelke
lirsch, 1989),stheir surface structures (Rosenbetg ¢ al., 1967; Costerton e al.,
08 Ts Cattaiton’ end L aphliseot~198% Marshall, :1992; :Wolfa :
1992) and their relationships to the bulk fuid (Woltaardt e «f., 1992; L.
1993). Both biofouling and microbiologically influenced cortosion are phenomena
that are linked to the existence, properties and activities of biofilms. Biofilm processes i
are manifested in many forms and are studied by researchers from a wide variety of
disciplines. There are numerous industrial environments where corrosion and biofouling
processes are potentially troublesome, including cooling water systems, storage tanks, :
water and wastewater treatment facilities, filters, piping, and drinking water distri- H

bution systems (Flemming and Geesey, 1990).
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Control of biofilm problems has usually been attempted by the application of
biocides in water systems. It was initially assumed that the disinfection kinetics of
attached bacteria would be similar to those of their planktonic counterparts. Many
industrial systems have experienced the inevitable problems caused by biofilms, even
in the presence of an effective disinfectant residual. It is now recognized that strategies
to control attached bacteria must be based on data generated from biofilm studies,
Difficulties associated with studying surface-associated cells have hindered work on
characterizing the activities of adherent bacteria, compared to the progress made with
free-living bacteria. For instance, it is necessary to remove the cells from the substra-
tum prior to the enumeration of viable bacteria attached to surfaces. Differences in
physiological activity between attached and free-living bacteria (Fletcher, 1984) may
explain the diverse susceptibilities and growth requirements after cells have been
removed from the substratum. In addition, enumeration of viable bacteria by plate .
count (PC) mechods may not detect all viable cells, particularly those injured by
environmental stress (Camper and McFeters, 1979; Mcletess ¢ 4/, 1982; Roszak and
Colwell, 1987). Also, detached bacteria that are aggregated may be problematic in
the plate counting technique. :

The conventional approach to biofilm study involves physically removing samples
from the substratum, followed by biological and chemical analyses. Using this
approach, a great deal of information on biofilm heterogeneity has been revealed
from years of research; however, spatial patterns were neglected in the process.
However, recent advances in optic technologies have enabled researchers to conduct
non-destructive study on the spatial distribution, thickness and the physiological
activities of biofilms and their responses to biofouling control agents. Furthermore,
digital image processing has given light microscopy a three-dimensional resolution,
which has lead to major advances in hiofilm study and biofouling control. With the
aid of high speed CPU chips, complicated logarithm calculations can be achieved with
petsonal computer within seconds.

The purpose of this chapter is to review progress in combining fluorescent probes,
microscopy and image analysis in biofouling control.

FLUORESCENT PROBES

Accurate detection and enumetation of bacteria is an important task in many areas
of microbiological investigation. However, most of the methods commonly used to
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count bacteria in samples taken from natural environments have limitations (Daley,

Colwell, 1987; McFeters, 1989) diversity of microorganisms in most environments.
Viable counts generated with plate enumeration from aquatic environments yield as
lieele as 1 % of the total microscopic counts for bacterial isolates from freshwater
(Servais and Menon, 1991). Microscopic enumeration showing various physiological
activities within a microbial population has significant advantages over conventional
methods, |

An ideal fluorescent probe should allow the selective microscopic examination of
particular activities or physiological propetties of bacteria. Fluotochromes may bind
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specifically to components of the cell envelope or contents, and some are medified
by cellular activity. After binding or merabolism, the fluorochrome can be observed
directly with epifluorescence microscopy using appropriate excitation and emission
filters.

Acridine Orange ;

Acridine orange (AQ), one of the nucleic acid intercalating dyes, was originally applied
to stain bacterial cells for fluorescence microscopy (Rigler, 1973) in order to detect
and enumerate bacteria, "The method commonly employed by microbial ecologists is
the AO direct count (AODC) technique, also known as the direct epifluorescent
technique (DEFT). The unique metachromatic property of AQ (Bitton e #/., 1993)
led to the widespread application of AQ to vital staining. AO fluoresces either green
or red, depending on the nature of the binding reaction with nucleic acid. It was ,‘ I
assumed that the color of AO-stained bacteria could be used to discriminate between :
active and inactive cells (van Bs and Meyer-Reil, 1982; Lopez-Tortes ¢ al., 1988;
Menezes ¢f af., 1995), because AO bound to double stranded DNA fluoresces green
while single stranded RNA-bound AO fluoresces orange. Actively metabolising cells
would be expected to have higher RNA content and thus appear orange with AO
staining. However, studies (McFeters ef 4/, 1991} have shown that the AQ staining
reaction may be suggestive of physiological activity only under defined conditions.
Variables in staining and fixation procedures as well as uncertainties associated with
mixed bacterial populations in environmental samples may produce results that are
not consistent with the classical interpretation of this reaction. Hence, AO has limited

application as a vital stain.
The direct mictoscopic enumeration methéd using AO (AODC) usually shows
a reasonable correlation with viable counts when applied to exponentially growing
culeures. However, AODC data can exceed PC enumeration by several orders of
magnitude (Roszak and Colwell, 1987} when used to examine bacterial populations
in natural environments. The direct viable count (DVC) method developed by Kogure
et al, (1979; 1984), has been employed successfully in enumerating bacteria within :
environmental samples (Maki and Remsen, 1981; Xuer #/., 1982; Rollins and Colweli, I h
1986; Liebert and Barkay, 1988; Singh et /., 1990). The DVC method was later
applied as a ditect in situ enumeration method for thin biofilms (Yu ef af., 1993), whete : 1
the results indicated that this adaptation of the method can provide rapid (4h) as well !
as more accurate information regarding bacterial number and viability within biofilms.
However, using the DVC method on biofilm bacteria it would be difficult co
umerate Thé clongated Glls without removing and dispersia m%k[;z‘l@ﬁgmjﬁgg{ﬂgatp:,“m.?ﬁ—'v.- :
elGre, an :a-‘;»i“—'ﬁiﬁsidﬁ Imiaceivity agsessment mig‘:éhg%ﬁ%’%%% fetising The DV G PR Gia e Shiess

Fluorescein Diacetate

Fluorescein diacetate (FDA) is a fluorochrome conjugated to two acetate radicals. After I
FDA enters the cell membrane viz active metabolism (Brunius, 1980), it is hydrolyzed
by intracellular esterases then fluorescein is released from the compound. Fluorescein
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has an absorbance at 490 nm, and fluoresces green when excited with blue light. The
use of FDA has been suggested for the detection of micrabial activity in bacterial
suspensions (Jarnagin et 4/, 1980; Chrzanowski e al., 1984) and biofilms (Pawley,
1990; Safferman and Bishop, 1996; Battin, 1997), However, FDA hydrolysis might
be limited to environments rich in eukaryotes and Gram-negative cells (Chrzanowski
et al., 1984). It has also been observed that fluorescein derived from cleaved FDA in
bacteria tends to leak out under some physiofogical conditions,

Tetrazollum Salts

The reduction of tetrazolium salts to formazan has been used for many years in
histo-, cyto-, and biochemical determinations of oxidase and dehydrogenase activities.
Zimmermann et &/, (1978) used the redox dye, 2-(p-iodophenyl)-3-(#-nitrophenyl)-5-

- phenyltetrazolium chloride (INT) to study respiratory activity in aquatic bactetia,
However, the reduced form of INT (INT-formazan) can only be observed within
bacteria by light microscopy, which can not be applied to the study of biofilm bacteria
on opaque substrata without removal of the cells. Alchough the combination of
fluorescent-antibody (FA) and INT reduction has been applied successfully to the
study of cellular activity (Baker and Mills, 1982), the tedious procedures of prepating
and examining FA has limited this approach as a general application. Another redox
dye, 5-cyano-2,3-ditolyl tetrazolium chloride (CTC), has been applied successfully to
the study of physiological activity within eukaryotic (Stellmach, 1984) and prokaryo-
tic (Rodriguez e# a/., 1992; Kaprelyanes and Kell, 1993) cells. The in situ performance
of CTC reduction was compared with the in sitw DVC and PC methods in the
determination of bacterial viability wichin pure culture biofilms. Both the CTC and ' {
DVC methods showed comparable numbers, and the results wese two-fold higher than
PC enumeration (Yu and McFeters, 1994a),

The CTC method has also been applied successfully to other biofilm research
concerned with disinfection, culturability, and enzymatic removal (Stewart et al.,
1994; Yu and McFeters, 1994b; Pyle et 4f., 1995; Johansson e 4/,, 1997; Kalmbach i
e al,, 1997). :

Rhodamine 123

Rhodamine (Rh)} 123 is a cationic f]uorescer_lt dye which is found to be concentrated

~mitochondtia by ‘the.relatively high negative potential across-the encrg
oddFial - membrands(Jofinson eral 7 1981) Rhil 23 id e ionrnies

driven dye, which is only taken up by viable cells. In ba
accumulated in an uncoupler-sensitive fashion vie transmembrane potential (Haugland,
1996). This fluorochrome has been utilized to assess the physiological states of
Micrococens futens and Escherichia coli (Kaprelyants and Kell, 1992), Sa/monella tybhimurizm
(Mason e 4/, 1995; Lopez-Amoros ef a/., 1995) and Aeromonas salmonicidz (Morgan
e al., 1993) by flow cytometty, _

Rh 123 is not readily absorbed by Gram-negative bactetia because of a perme-
ability limitation in their outer membrane (Nikaido and Vaara, 1985). However, :
treatment with Tris and EDTA at alkaline pH (Kaprelyants e 4/., 1992) eliminates :
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~. Figure 1. Lipifluorescence_micrographs of a K.
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this barrier and achieves optimal staining within 2h. Boch the Rh 123 and the CTC
methods gave comparable enumeration results on biofilm bacteria (Yu ef af., 1994a).
Figure 1 is an example of Rh 123 and CTC staining of a monolayer Kiebsiolla preunioniere
biofilm. Active biofilm bactetia appear green under epifluorescence microscopy using
-a Leitz filter block H (Figure 1a). The “H” filter block has a combination of e». -itation
filcer (BP420-490), dichromatic mirror (RKP 455) and suppression filter (LP515).
-Figure 1b shows good color contrast for both DAPI-stained green non-respiring cells
and respiring cells that contain red CTC-formazan crystals.
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Figure 2 Bifidobacteriam sp- stained with the BaeLight probe. When incubated with the
SYTO 9 and propidium iodide nucleic acid stains, live bacteria with intact cell membeanes
fluoresce green and dead bacteria with compromised membranes fuoresce red. (Image con-
tributed by Bruce Roth and Paul Millard, Molecular Probes Incorporated.)

Live/Dead Viability Assay

The Live/Dead BacLight viability assay (Molecular Probes Incoporated, Eugene, Oregon)
has been successfully applied to study the susceptibility.of bacterial biofilms (Korber
et al., 1997; Wood e al., 1998) treated with antimicrobials, The BacLight probe
distinguishes live bacteria with intact plasma membranes from dead cells with com-
promised membranes (Haugland, 1996). Figure 2 shows Bifidobacteriam sp. stained
with the SYTO 9 and propidium iodide, whete live bacteria with intact cell mem.
branes fluoresce green and dead bacteria with compromised membranes fluoresce red.
Twe different nucleic acid stains are included; live bacteria fluoresce green by taking
up the stain SYTO. 9, and propidium iodine causes the dead cells to show red
Auorescence. The Baclight assay also allows the end-user to vary the ratio of SYTO

9 and propidium iodine to give Dalanced staining of most “suimplessFie-bacrepial
wrescenceatiach entission Wavelenpthcan B dlibritid  RUpnoasnee o fip
cquipment such as a fluerometer, fluorescence microplate reader or flow cytometer.
Other dual staining approaches to distinguish viable from non-viable bacteria are
the oxonol dye and calcolfluor white (Mason e #l., 1995} combination. The dye
bis(1,3-dibutylbarbituric acid) trinmethine oxonol (DIBAC(3)) is a lipophilic anion
that responds by decreasing fluorescence with increasing membrane potential. Calcafluor
white (CEW) is the disodium salt of 4",4"-bis(4 anilino-bis-diethyl amino-s-triazin-
2-ylamino)-2,2'-stilbene dissulphonic acid); it is used as fluorescence brighteners in
the dye industry. The viable cell can exclude CEW whereas non-viable cells have bright
fluorescence.
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Other Vital Stains

There are several proprietary fluorescent probes that have been applied to industrial
cooling water biofilm study without revealing detailed mechanisms. The proprietary
stain PRB is reported to be visualized under both light and epifluorescence microscopy
{Chaluc et /., 1994). Active cells stained pink with a dark spot; inactive cells do not
have a spot under bright field illumination. Both active and inactive cells appear red
un_der epifluorescence illumination (Kogure e /., 1980). Fluorochrome APY is re-
ported to stain RNA but not DNA (Chalut e #/., 1994). Cells killed with chemicat
biocide would not be stained or else appeared distorted (Kogure et «/., 1980). Another
fluorochrome CEB is specific for bacterial exopolymeric substances (EPS) (Chalut ¢ al.,
1994). The slime layer containing EPS fluoresces neon blue, whereas the bacterial cells
are yellow under the epifluorescence microscope (Chalut ef a/., 1994). '
Fluorochromes also have various applications in fluorescence conjugates and oli-
gonucleotide probes. These research topics are not covered in this chapeer.

IMAGE ANALYSIS

Image analysis is the process of manipulation by converting images through digital
processing with computer, then analyzing with customized software (Figure 3). The
process involves multidisciplinary elements of optics, electronics, mathematics and
computer science. Image analysis contains two main components, v/z. image acqui-
sition and object analysis,

Image Acquisition

An image under the microscope is an object with two-dimensional spatial represen-
tation. The analog image can be acquired using a camera and processed by a frame
grabber within the computet, then converted into a digital form. The digitized image
is usually represented as a mathematical expression of f{x,y), which is composed of
numerous small rectangular picture elements called pixels. The dynamic range of pixel
intensities varies, and the quality of the digitized form is dependent on this. For an
8-bit image, each pixel will have grey levels ranging from O to 255, which is an
indication of the signal intensity or brightness. For a modern 32-bit operating system,
such as Micrasoft Windows® 98, the range will be from 0 1o 1023,

A video camera, which is different from conventional still frame single-lens reflex film
cameras, produces a continuous analog output of video images. These output signals
conform to a specific video standard that varies around the world. The three main
video types are 525-line NTSC (National Television System Committee) in the United

- States, 625-line PAL (Phase Alternating Line) in Europe and 625-line SECAM (Se-

quential Color a Memosire) in France. These standards vary in field race (Hz), format
(H X V) and pixel rate (MHz). The most recent video cameras have replaced the tube
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Image acquisition

image Processing
& Analysis

g

Image display: both
real-time and digitized
captured images

Figure 3 An image analysis system,

with a solid-state image sensor, called a charge-coupled device (CCD), that changes
light enesgy into electrical pulses that can be recorded on videotape. The clarity and
tesolution of the video images depend on the number of pixels that the CCD can create.
CCD devices can be divided into two groups, iz, video camcorder and scientific
cameras. Scientific CCD cameras employ full frame CCD elements, the readout is
processed through an on-chip pre-amplifier and an off-chip analog-to-digital converter
__to deliver a single high-quality.digital image. . BN

2z = HheCCD sensor Is zmonochrome imiaging device. Ond KREESRRIRREHIEIRE 7
reconfiguration through three single color filters; a more advanced technology
employs three CCDs to separate three color channels red, green and blue,

There is no standard for scientific cameras, They come with different options
including pixel sizes, image dimensions, readout rate, integration time, cooling,
quality grade and dynamic range (Castleman, 1996). These options determine the
quality of image outputs. Since the computer and software can regulate shutter
control, the common bleaching problem with fluorescence microscopy can be reduced
to a minimum. It is not unusual for the captured images show higher resolution due
to the image enhancement features of high-end cameras.
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Image Analysis

Image analysis is accomplished by computer software to give quantitative data, such
as the number of cells within a microscopic image, or the diametet or length of a
selected bacterium, The output is the numerical data of the digitized image. The rapid
development of the personal computer (PC) has allowed scientists today to process
and analyze complicated images using a PC with specialized image processing boards.
There ate many sophisticated image processing packages in the market, which can
be used without computer programming. Software such as IBAS (Kontron, Germany),
Quantimet (Cambridge, UK), Visilog (Noesis, Ganada) and Image-Pro Plus (Silver
Spring, MDD, USA) often provide similar functionality as image processing libraries,
but in a much more user-friendly style.

The processed image in consecutive pixels can be stored as bytes in binary files.
For example a 512 X 512 pixel image, stored at one byte per pixel, will take up 262
kilobytes (KB) of disk space. The most common output portable file formats are GIF
(Graphics Interchangeable Format), TIFF (Tag Image File Format), JPEG (Joint
Photographic Expert Group), BMP (standard Windows bitmap image}, PCX (PC
Paintbrush® file format), PDF (Adobe Acrobat® file format) and PICT (Macintosh
graphics format). Of these formats, only TIFF images can be extended to include three

dimensions.

BIOFOULING STUDY WITH IMAGE ANALYSIS

A great deal of work on biofilms has been done by removing bacteria from substrata
and replacing them on glass slides for examination. Most structural studies have relied
on light and electron microscopy (Kinner ef 4l., 1983; Robinson ef /., 1984; Costerton
et al., 1987; Bighmy e al., 1983; Ganczarczyk ef al., 1992 Lappin-Scott et /., 1992;
Stewart ¢ al., 1993). Problems associated with these techniques include disraption
of biofilm structure during removal from the substratum, laborious preparation, and
extensive sample processing that may introduce artifacts. Light microscopy used in
combination with computer-enhanced microscopy is an effective tool, but it is best
applied during the eatly phases of biofilm development {Lawrence ef /., 1989).
Visualization of monolayer bacterial biofilms can also be accomplished easily by either
light or fluotescence microscopy (Yu ¢ al., 1993; 1994). Due to the resolution limits
of optical microscopy, studies on thicker biofilms require mechanical removal of

biofilms from the substratum prior to further analysis or optical sectioning by scan-

2 Biofitms ard highiy hidéctogentous insteuctimc aiid phys iological activity. Withoue -

g laser confocal-microscopy (SLCM).— - *~ -~

understanding the spatial structure, composition and metabolic activity within biofilms,
it is difficult to understand and control the processes of biofouling.

Scanning Laser Confocal Microscopy (SLCM)

The concept of confocal microscopy was first filed as a US patent in 1957 by Minsky
(1961). In Minsky's embodiment of the confocal microscope, the conventional
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condenser is replaced by a lens identical to the objective lens. The field of illuminarion

is limited by a pinhole, positioned on the microscope axis (Pawley, 1990). The pinhole

blocks the light from the out-of-focus planes above and below the plane of focus, which '
makes only the light from the plane of focus visible. This pinhole based confocal
microscopy is applicable to both trans-illuminating and epi-illuminating modes. With
the development of lasers in microscopy, the biological application of SLCM technol-

was first published in 1985 and later introduced commetcially by Srasstro, Biorad, !
Olympus, Zeiss and Leitz in the late 1980%s. SLCM js also referred to as lager scanning
confocal microscopy (LSCM), confocal laser scanning microscopy (CLSM) and scanning
confocal laser microscopy (SCLM) in various publications,
SLCM technology has permitted major advances in biofilm research. The SLCM
eliminates out-of-focus haze and allows horizontal and vertical optical sectioning. The
feconstruction of images is based on optical sections that can be applied nondestructively
to specimens in a matter of minutes. The systems are equipped with highly sophis-
ticated image analysis capabilities that enable researchers to visualize reconstructed
2-D and 3-D images without physically distupting the biofilm (Lawrence ef 4/, 1991;
Caldwell et &/, 1992a; 1992b, Dalton e al., 1994; de Beer ¢ al., 1994; Korber et a,,
1994; Stoodley ez o, 1994; Wolfaarde et af,, 1994; de Beer and Stoodley, 1995; Stewart
¢t al., 1995; Doolittle ¢ al., 1996, Miiller ¢ al., 1996; Sanford er 4/, 1996; Swope
and Plickinger, 1996; de Beer ¢f al., 1997; Jayaraman et al., 1997; Korber ¢t ai,, 1997,
Neu and Lawrence, 1997; Okabe &t 4/, 1997; Lawrence e /., 1998; Wolfaardt et 4/,
1998). However, this technology involves relatively expensive instrumentation and
has limited resolution when applied to thicker biofilms. These aspects restrict it from

general application,

Cryoembedding and Cryosectioning

1982; Carson, 1990; Elias, 1990, Cryosectioning techniques have been utilized
successfully in biofilm research to visualize the structure of bacterial biofilms{Yu ez 2/ s
1994). Cryoembedding is performed with Tissue-Tek® OCT compound (Miles
Incorporated, Elkhare, IN, USA) by placing the biofitm coupon on top of a dry ice
slab. The embedded hiofilm within the frozen OCT block can then be sectioned with
A cryostat to yield 5 pm slices of biofilm cross-section,

Different embedding techniques have been applied to ,biqﬁ_lg;_%fg_g mggsure@entﬁrf-——ﬂ—?:m ;

20 evaluation of morphological parameters, Embedding. mid i PR R SRt 0
~and Ganczaresyk, 1990, plastic resin (glycol methacrylate) (Ganczatczyk et al., 1992,
Stewart et 4/, 1993) and agar (Ganczarczyk of of,, 1992) have been utilized. When
combined with image analysis, the thin (2.5 nm) sections reveal quantitative data on
biofilm heterogeneity such as thickness and size (Stewart o al., 1993), ,
The cryoembedding technique involves less sample processing and is more rapid i
than any of other procedures. The whole process can be completed in less than 24 h.
This method presetves the biofilm with minimal preparative arcifaces. The advantage

of the approach is that the biofilm cryosections can be examined with conventional
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Figure 4 Epifluorescence micrographs of a frozen sections of a mixed K. prennoniae
i fluo- and P aeruginosa biofilm grown on 314 stainless steel and treated with monochloraniine
ancroft, (4 mg Y. Disinfection intervals are (2} 30 min and (b) 60 min. The dashed lines indicate

utilized the position of the substratum. Biofilm bacteria were stained with CTC {red)and DAPI (green).
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ed with light and epifluorescence microscopy. The cryoembedding procedure is compatible

with specialized staining or labeling techniques, sich as fluorochromes (Yu ef /.,
1994), immunofluorescence staining, oligonucleotide probing and radioisotope labeling.
Jixatives and stains may also be applied to frozen scetions after air deying (Bancroft
9827 Blias;#1990), /The crybsectiohing technique joffesanmalicuativesaiing
disriiptive appfoach to- the study of biofilms by miciescapy. Inc d cells,
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d:;/:sf; microcolonies, void areas and biofitms thickness can be quantitatively determined by

image analysis software (Murga ef al,, 1995; Huang et al., 1996; Wentland et al.,
 rapid 1996). Figure 4 shows cryosections of a mixed K. prenmoniae and Psewdomonas aernginosa
4 24 h biofilm. The biofilm bacteria showed decreased respiratory activity and thickness after
‘antage treating with 4 mg I'! of monochloramine. This approach also provides an unique
tional * opportunity to study the spatial response of biofilm bacteria to antimicrobial agents,

and enables the mechanisms explaining their comparative fesistance to disinfection

e R Sty R AR
I AL R R R
TR
ey b RO EAN: AL

iR \\-“\
NG




412 B PHILIP YU and GORDON A. McFETERS ]

to be addressed in a way that has not been possible using traditional techniques
(Huang e al., 1995; McPeters ef al., 1995). :

Ina study comparing scanning electfon microscopy (SEM), SLCM and cryosectioning ‘
techniques to visualize biofilm structural heterogeneity (Stewart ¢f 4/, 1995), SLCM '
and cryosectioning were shown to be superior to SEM in cheir ability to image the
biofilm interior, and in their potential to ptovide quantitative information.

Digltal Confocal Microscopy

Digital cofifocal microscopy (DCM) is a recent advancement in which digical signal
processing (DSP) chips and software technology are ¢combined to produce an image
processing system capable of removing out-of-focus haze, The pinhole based hardware
approach produces the analog confocal microscopy. Analog confocal microscopy, such
as SLCM, produces sharp and clear images with a theotetical 1.4x improvement in
resolution. However, the pinhole blocks 85% to 99% of the light, which limits its
application under low-light conditions. In addition, SLCM systems are delicate and )
complex instruments that ate often subject to alignment and laser stability problems
(Beckwith and Margerum, 1997). The drawbacks of SLCM include the costs of the
instrument and additional laser light sources.”

DCM employs deconvolution algorithms to calculate and remove out-of-focus haze
images captured with a standard research microscope and video camera. The process
can be processed quickly with a PC under either IBM or Macintosh platforms. With
a Zraxis stage motor and controller, DCM can de-blur a stack of microscope images
and reconstruct a 3-D image of high quality (Kesterson and Richardson, 1991), The
results ate comparable to those produced by SLCM, but at a much more affordable ‘
COst. '

The deconvolution approach of DCM is versatile. It can be used with 2 wide variety
of specimens, such as paper fibers, computer chips and sandstone (Brading ef «/., 1996).
It is also valuable in applications that require a specific wavelength of light not
available with the SLCM system, such as ultraviolet, It is gaining populfarity in
‘biological and microbiological research (Gorby, 1994; Richardson, 1997; Kunkier
¢t al., 1998) for visvalizing structures. '

With the availability of DSP chips, faster PC processots and image processing
software, the DCM approach provides a powerful and useful tool with great versatility.
However, DCM technology can only be used for epifluorescence applications in
visualizing. biofilm spatial distribution due to the difficulties involved with optical

sctioning under bright ground ifluminaion, The biofifim.seseascher iay benefit from -, -
DEM=tectinglogy. since i€“ik “an-affdrdable alterhative" 66 Tnage andlysis ar SLOM. ~ oo
However, during tecent years, with the increasing numbers of manufacturers of SLCM
systems and image analysis software, these have become highly competitive,

In the future, biofilm research is moving towards the use of biosensors, chemical
sensors, physical sensors and controllers that are characterized by merging concepts
in classical disciplines like chemistry, biology, physics, medicine, computer and elec- o
trical engineering. The rapid development of these technologies will help in the better
undetstanding of biofilms, and may lead to mote effective biofouling control.




ning
sLCM
ge the

signal
image
tdware
y, such
went in
nits its

~ate and

oblems
. of the

us haze
process
;. With
images
1), The
o’ e

variety
.1996).
the not
ity in
{unkier

wessing
satility.
fonis in
optical

_ﬁg from )
SLCM. .

fSLCM

nemical
oncepts
W elec-
¢ better
o,

B

m -

$TUDY OF BIOFOULING CONTROL 413

REFERENCES

Amos W.B, White J.G. (1987). Use of a confocal imaging in the study of biological structures.
Appl Opt, 26, 3239-3243,

Atlas R.M. (1984). Use of microbiaf diversity measurements to assess environmental stress
In: Klug M.J., Reddy C.A. (eds) Crrrent Perspectives in Microbial Ecology. American Society
for Microbiology, Washington D.C., pp. 450-454.

Baker K.H., Mills A.L. (1982). Determination of the number of respiring Thiobacillus ferrooxidans
cells in water samples by using combined fluorescent antibody-2-{g-iodophenyl)-3-(p-
nitrophenyl)-5-phenyltetrazolium chloride staining. App! Environ Microbiol, 43, 338-344..

Bancroft J.D. (1982). Frozen and related sections. In: Bancroft ].D., Stevens A, (eds) Theory
and Practice of Histological Techniques. Chutchill Livingston, New York, . 82.

Battin 'T.J. (1997). Assessment of fluorescein diacetate hydrolysis as a measure of total esterase
activity in natural stream sediment bicfilms. Sci Teta! Environ, 198, 51--60.

Beckwith R.C., Margerum D.W. {1997). Kinetics of hypobromous acid disproportionation.
Inorg Chem, 36, 3754-3760.

Bitton G., Koopman B., Jung K., Voiland G., Kotob M. (1993). Modification of the standard
epifluorescence microscopic method for total bacterial counts in environmental samples.
Water Res, 27, 11091112, ' '

Brading M.G., Boyle J., Lappin-Scott H.M. (1996). The influence of faminar flow and surface
type on bacterial adhesion. [ChemE Res Event, Eur Conf Young Res Chem Eng, Volume
I, 25-27. :

Brunius G. (1980). Technical aspects of 3',6'-diacetyl fluorescein for vital fluorescent staining
of bacteria. Cury Microbiol, 4, 321--323.

Caldwell D.B., Korber D.R., Lawrence J.R. (1992a). Confocal laser microscopy and digital

" image analysis in microbial ecology. In: Marshall K.C. (ed) Advances in Microbial Ecology,
Volume 12, Plenum Press, New York, pp. 1-67.

Caldweil D.E., Korber D.R., Lawrence J.R. (1992b). Imaging of bacterial cells by fluorescence
exclusion using scanning confocal laser microscopy. J Microbiol Methods, 15, 249-261.

Camper A.K., McFeters G.A. (1979). Chlorine injury and enumeration of waterbarne coliform
bacteria. Appl Environ Microbiol, 37, 633—641.

Carlsson K., Aslund N. (1987). Confocal imaging for 3-D digital microscopy. App! Opt, 26,
3232-3238. I~

Carlsson K., Danielsson P, Lenz R., Liljeborg A., Majlsf L., Aslund N. (1985). Three-
dimensional microscopy using a confocal laser scanning microscope. Opf Lett, 10, 53-35.

Carson RL, {1990, Histotechnology, A Self Instenctional Text. ASCP Press, Chicago, IL.

Castleman K.R. (1996). Digital Image Processing. Prentice Hall, Englewood Cliffs, NJ.

Chalut J., Caitns J., Korkorian N. (1994). Identification and quantification of cooling water

" biofilms using fluotescent staining and ATP monitoring techniques. CORROSION '94,
Paper No. 272, NACE Internarional, Houston, TX.

ol 7C;Ii1§|ra_<;iglis w.G., I:_!grs_’hgx_.ﬂ_ifi—_.c.v(1990)€Bi¢y‘3!mx._John Wiley & Sons Incorporated, New-York. -, ‘
- Chiatiowskl 40 H 2 Crotry. KDy, Habbard. J:G.; Welchi” R:P.(1984). Applicability of the -

fluorescein diacetate method of detecting active bacteriain freshwater.- Microb Eeol, 10,

179-185.
Costerton J.W., Lappin-Scott H.M. (1989). Behavior of bacteria in biofilms. Am Soc Microbial

News, 55, 650-654,
Costerton J.W., Irvin R.T., Cheng K.-J. (1981). The bacterial glycocalyx in nature and discase.

Ann Rev Microbiol, 35, 299-324.
Costerton J.W., Cheng K.-J., Geesey G.G., Ladd TL, Nickel J.C., Dasgupta M., Marsie TJ.

(1987). Bacterial biofilms in nature and disease. Ann Rev Microbiol, 41, 435—464.

e




414 E PHILIP YU and GORDON A. McFETERS

Daley R.J. (1982), Direct epifluorescence enumeration of native aquatic bacteria: uses, limi-
tations and comparative accuracy. In: Costerton J.W., Colwell R.R. (eds) Native Aquatic
Bacteria: Enumeration, Adtivity and Beology, ASTM, Philadelphia, pp, 29043,

Dalton H.M., Poulsen L.K., Halasz P, Angles M.L., Goodman A.E., Marshall K.C. (1994).
Substratum-induced morphological changes in 2 marine bacterium and their relevance
to biofilm structure. J Bacteriol, 176, 6900-6906.

Davies D.G., McFeters G.A. (1988). Growth and comparative physiology of Klebsiella oxytoca
attached to granular activated carbon pasticles and in liquid media, Microb Erol, 15, 165-
175. :

de Beer D., Stoodley P. (1993). Relation between the structure of an aerobic biofilm and
transport phenomena. Whater Sei Technol, 32, 11-18,

de Beer D, Stoodley P., Lewandowski 7, (1997). Measurement of local diffusion coefficients
in biofilms by microinjection and confocal microscopy, Bivtechnol Bioeng, 53, 151-158.

de Beer ., Stoodley P. Roe B, Lewandowski Z. {1994}, Bffects of biofilm structures on oxygen
distribution and mass transport. Biotechnol Biveng, 43, 1131-1138.

Doolittle M.M., Cooney J.J., Caldwell D.E. (1996). Tracing the interaction of bacteriophage
with bacterial biofilms using fluotescent and chromogenic probes. J Ind Microbiof, 16,
331-341.

Eighmy T.T,, Maratea D., Bishop PL, (1983). Electron microscopic examination of wastewater
biofilm formation and structural components. Agpl Environ Microbiol, 45, 1921-1931.

Elias J.M. (1990). Immunohistopathology, A Practical Approach to Diagnosis. ASCP Press, Chicago,
IL. .

Flemmir H.-C., Geesey G.G. (1990). Biofouling and Biocorvosion in Industrial Water Sysrems.
Springer-Verlag, Berlin.

Fletcher M. (1984). Comparative physiology of attached and free-living bacteria. In: Marshall
K.C. {ed) Microbial adbesion and aggregation. Springer-Verlag, New York, pp. 223-232.

Ganczarczyk ).J., Zahid W.M., Li D.-H. (1992). Physical stabilization and embedding of
microbial aggregates for light microscopy. Water Res, 26, 1695--1699.

Gorby G.L. (1994). Digital confocal microscopy allows measutement and three-dimensional

" multiple spectral reconstruction of Neisseric gonorvhoeaelepithelial cell interactions in the
human fallopian tube organ culture model. J Histochem Cytochem, 42, 297-306,

Haugland R.P. (1996). Handbook of [inorescent Probes and Research Chemicals, Molecular Probes,
Incorporated, Eugene, OR, :

Henrici A'E (1933), Studies of freshwater bacteria 1. A direct microscopic technique, J
Bacteriaf, 25, 277-286. .

Huang C.-T., McFeters G.A., Stewart PS., (1996). Bvaluation of physiological staining,
ctyoembedding and autofluorescence quenching techniques on fouling biofilms. Biofonting,
9, 269-277.

Huang C.-T,, Yu EP, McFeters G.A., Stewart PS. (1995). Nenuniform spatial pateerns of
respitatory activity within biofilm during disinfection. App/ Envivon Migrobiol, 61, 2252

PLuchiinger DAV, Betes "D, (180F e ‘use lof TIari s
cthidium bromide as a stain for evaluating viability of mycobacteria. Stain Technol, 553,
253-258, ;

Jayaraman A., Cheng E.T., Barthman J.C., Wood T.K. (1997). Importance of biofiim formation
for corrosion inhibition of SAE 1018 steel by axenic aerobic biofilms. J Ind Microbiel
Bioterbnol, 18, 396-401. :

Johansson C., Falholt P, Gram L., (1997). Enzymatic removal and disinfection of bacterial
biofilms. Appl Enviren Microbiol, 63, 3724-3728. '

Johnson L.V, Walsh M.L., Bockus B.J., Chen L.B. (1981}). Monitoring of relative mitochon-
drial membrane potential in living cells by fluorescence microscopy. J Celf Biol, 88, 526

335.

IR P
TN

I“\.‘\‘ ':

=%




s heooal=

\quatic

1994).

ievance

oxytoca
3, 165—

im and

Aicients
51-158.
' OXygen

riophage
biol, 16,

stewater
1-1931.
Chicago,

Systems.

Marshall
23232,
idine of
rensional
1§ in the
)
+ Probes,

| nigue. J

staining,
iefonling,

teerns of

{.2252-

e and

wof, 553,

ymation
Microbiol

bacterial

itochon-
18, 526—

Tl --"Ligﬁ‘é‘r't:'C:";l"f'B'ar_kaile.'-"('1-§83)‘. “A-direct viable counting- methed J

STUDY OF BIOROULING CONTROL 415

Kalmbach 8., Manz W., Szewzyk LU. (1997). Dynamics of biofilm formation in drinking
water: phylogenetic affiliation and metabolic potential of single cells assessed by formazan
reduction and in sitn hybridization. FEMS Microbiol Eeof, 22, 265-279. _

Kaprelyants A.S., Kell D.B. (1992). Rapid assessment of bacterial viability and vitalicy by
rhodamine 123 and flow cytometry. J App/ Bacteriol, 72, 410-422.

Kaprelyants A.S., Kell D.B. (1993). The use of 5-cyano-2,3-ditolyl tetrazolium chioride and
flow cytometry for the visualization of respiratory activity in individual cells of Micrococcns
futens. J Micvobiol Methods, 17, 115122,

Kinner N.E., Balkwill D.L., Bishop L. (1983). Light and electron microscopic studies of
microorganisms growing in rotating biological contactor biofilms. Agp! Bnvivon Microbiol,
45, 1659-1669. -

Kogure K., Simidu U., Taga N. (1979). A tentative direct microscopic method for counting
living marine bactetia. Can J Microbiol, 25, 415-420. ‘

Kogure K., Simidu U., Taga N. (1980). Distribution of viable marine bacteria in neritic -
seawater around Japan. Can J Microbiol, 26, 318-323. :

Kogure K., Simidu U., Taga N. (1984). An improved direct viable count method for aquatic
bacteria. Arch Hydrobiol, 102, 117-122. -

Korber D.R., James G.A., Costérton J.W. (1994). Evaluation of fleroxacin activity against .
established Psendomonas fluorescence biofilms. Appl Environ Microbiol, G0, 16631669,

Korber D.R., Choi A., Wolfaardt G.M., Ingham S.C., Caldwell D.E. {1997). Substratum
topography influences susceptibility of Salmonélla enteritidis biofilms to trisodium phos-
phate. Appl Enviren Microbiol, 63, 3352-3338. ‘

Kolbel-Boelke J.M., Hitsch P. (1989). Comparative physiology of biofilm and suspended
_organisms in the groundwater environment, In: Characklis W.G., Wilderer P.A. (eds)
Structure and Function of Biofilms, John Wiley & Sons Ltd, New York, pp. 221-238.

Kunkier PE., Kraig R.P., (1998). Calcium waves precede electrophysiological changes of
spreading depression in hippocampal organ cultures. J Newrosci, 18, 3416-3425.

Lappin-Scott H.M., Costerton J.W., Marrie T.]. (1992). Biofilms and biofouling. In: Lenderberg
J. (ed) Encyclopedia of Microbiology, Academic Press Incorporated, New York, pp. 277-284.

Lau Y.L, Liu D. (1993). Effect of flow rate on biofilm accumulation in open channels. Water -
Res, 27, 355-360.

Lawrence J.R., Korber D.R., Caldwell D.E. (1989). Computer-enhanced darkfield microscopy
for the quantitative analysis of bacterial growth and behavior on surfaces. J Mierobiof
Methods, 10, 123-138.

Lawrence J.R., Neu T.R., Swerhone G.D.W. (1998). Application of multiple parameter imaging
for the quantification of algal, bacterial and exopolymer components of microbial biofilms;
J Microbiol Methods, 32, 253261,

Lawrence J.R., Korber D.R., Hoyle B.D., Costerton J.W., Caldwell D.E. (1991). Optical
sectioning of microbial biofilms. J Bacteriol, 173, 6558-6567.

L D.-H., Ganczarczyk J.J. (1990). Steucture of activated sludge flocs. Biotechnol Bioeng, 35,

5763, : F

aquatic microbial communities to Hg?*. Can J Micrbiol, 34, 1090-1095. ~

Lopez-Amoros R., Comas J., Vives-Rego J. (1995). PFlow cytometric asessment of Bscherichia
coli and Salmonella typhimurium starvation-survival in seawater using rhodamine 123,
propidium iodide, and oxonol. App/ Environ Micrabiol, 61, 2521-2526. ‘

Lopez-Torres A J., Prieto L., Hazen T.C. (1988). Comparison of the in situ survival and activity
of Klebsiella pnenmoniae and Bscherichia coli in tropical marine environments. Micvoh Eeof,
15, 41-57.

Maki ].S., Remsen C.C. (1981). Comparison of two direct count methods for determining
metabolizing bacteria in freshwater. App/ Environ Mierabiol, 41, 1132-1138.




416 B PHILIP YU and GORDON A, McPETERS

Masshall K.C. (1992). Biofilms. An overview of bacterial adhesion, activity, and control at
surfaces, Am Sor Mécrobiol News, 58, 202-207.

Mason DJ., Lopez-Amoros R., Allman R:, Stark J.M., Lloyd D. (1995). The ability of
membrane potential dyes and Calcofluor White to distinguish viable and non-vizble
bacteria, J Appl Bacteriol, 78, 309-315, :

McFeters G.A. (1989). Detection and significance of injured indicavor and pathogenic bacteria
in water. In; Ray B., (ed) Injured Index and Pathogenic Bacteria: Occurvence and Detection in
Foods, Water and Feeds. CRC Press Incotporated, Boca Raton, FL, pp. 179-210.

McPeters G.A., Cameron 8.C., LeChevallier M.W., (1982). Influence of diluents, media, and
membrane filters on the detection of injured waterborne coliform bacteria. Appl Buviron
Microbiol, 43, 97-102. .

McFeters G.A., Yu EP, Pyle B.H., Stewarc PS. (1993). Physiological methods to study biofilm
disinfection. J Ind Microbiol, 15, 333-338.

McPeters G.A., Singh A., Byun 8., Callis PR., Williams 8. (1991). Acridine orange staining
reaction as an index of physiological activity in Bickerichia coli. J Microbiol Methods, 13,
87-97.

Mekalanos J.J. (1992). Environmental signals controlling expression of virulence determinants
in bacteria. J Bacteriol, 174, 1-7,

Menezes T'M., Band D.E., Gaylarde C.C, (1993). Biofilm and biocide assessment using
epifluorescence microscopy. 914 Int Biodeterior Biodegrad Symp, pp. 144-149,

Minsky M. (1961). Microscopy apparatus. US Patent 3,013,467.

Mosgan J.A.W, Rhodes G., Pickup R.W. (1993). Survival of nonculturable Aerpmonas salmonicida
in lake water. Appl Environ Microbiol, 59, 874-880.

Murga R., Stewarc P.S., Daly D. (1995). Quantitative analysis of biofilm thickness variability.
Biotechnel Biveng, 45, 503-510. )

Miiller S., Pedersen A.R., Poulsen LK., Arvin E., Molin 8. (1996). Activity and three-
dimensional distribution of toluene-degrading Psendomonas putida ina multispecies biofilm
assessed by quantitative /u sitw hybridization and scanning confocal laser microscopy. App/
Bnviron Microbiol, 62, 4632-4640,

Neu T.R., Lawrence J.R, (1997). Development and scructure of microbial biofilms in river
water studied by confocal laser scanning microscopy. FEMS Microbiol Ecol, 24, 11-25.

Nikaido H., Vaara M. (1985). Molecular basis of bacterial outer membrane permeability.
Microbiol Rev, 49, 1-32,

Okabe 8., Yasuda T., Watanabe Y, (1997). Uptake and release of inert fluorescence patticles
by mixed population biofilms. Bistechnol Bioeng, 53, 459-469.

Pawley J.B. (ed) (1990). Handbook of Biological Confocal Micyoscopy. Plenum Press, New York.

" Pyle B.H., Broadaway $.C., McFeters G.A. (1993). Pactors affecting the determination of

respiratory activity on the hasis of cyanoditoly! tetrazolinvm chloride reduction with
membrane filtration. Agp! Buviron Microbiol, 61, 4304—4300.
Richardson M. (1997). 3D decovolution of microscope. data, Sci Techno! Ji 20, 20-21.
Robinson:R.W., Akin D.E,, Nofdstedt R.A.; Thomas M.V. (1984). Light and electron microscopy
examinations of methane-producing biofilms from anaerobic fixed-bed reactor. Appl Environ
Microbiol, 480, 127-136,

Rodriguez G.G., Phipps D., Ishiguro K., Ridgway H.E (1992). Use of fluorescent redox probe
for direct visualization of actively respiting bacteria. Appl Buviron Microbiol, 58, 1801—
1808.

Rollins D.M., Colwell R.R. (1986). Viable but nonculturable stage of Campylobacter jejuni and
its roles in survival in the natural aquatic environment. Appl Buviren Microbiol, 52, 531

538.

“Rigler R (1973). Staining of DNA with acridine orangeshlabil=Synfi, 23, 535341, - .




STUDY OF BIOFOULING CONTROL 417
A Rosenberg B., Renshaw B., Vancamp L., Harewicki J., Drobnik J, (1967). Platinum-induced |
' fitamencous growth in Escherichia coli. J Bacteriol, 93, 316721, ‘ !
']“.Y of ' Roszak D.B., Colwell R.R. {1987). Survival strategies of bactetia in the natural environment.
-viable Microbiol Rev, 51, 365-379.
. . Safferman S.I., Bishop P.L. (1996). Aerobic fluidized bed reactor with internal media cleaning.
ﬁa{:terfa J Bnviren Eng, 122, 284-291,
wtion i Sanford B.A., de Peijter A.W., Wade M.H., Thomas V.L. (1996). A dual fluorescence technique
. for visualization of Staphylococcus ehidermidis biofilm using scanning confocal laser microscopy.
dia, and : J Ind Microbiol, 16, 48-56.
Environ . ‘ Servais P, Menon P. (1991). Fate of autochthonous and fecal bacteria in marine ecosystems.
. Kiel Meeresforsch, 8, 290-296. )
' biofilm Singh A., Yu EP, McFeters G.A. (1990). Rapid detection of chiorine-induced bacterial injury
. by the ditect viable count method using image analysis. Appl Bnvivon Microbiol, 56, 389—
staining 304, -
bods, 13, Sshngen N.L. (1913). Influence of colloids on microbiological processes. Zentralbl Bakteriol ol
. Parasitenk Infektionskr Abt 1, 238, 622-647. ' '
‘minants . Stellmach J. (1984). Fluorescent redox dye. Histochemistry, 80, 137-143.
. Stewart P.S., Peyton B.M., Drury W.J., Murga R. (1993). Quantitative observation of
it using heterogencities in Pseudomonas atruginosa biofilms. Appl Environ Micrabiol, 59, 327-:329. |
Stewart PS.; Murga R., Srinivasan R., de Beer D. (1993). Biofilm structural heterogeneity
— visuatized by three microscopic methods. Water Res, 29, 2006-2009. . 3
‘monicida : Stewart PS., Griche T., Srinivasan R., Yu EP, de Beer D., McFeters G.A. {1994). Comparison P
- of respiratory activity and culturability during monochloramine disinfection of binary
ciabilicy. population biofilms. App/ Environ Microbiol, 60, 1690-1692.
Stoodley P, de Beet D., Lewandowski 7. (1994). Liquid flow in biofilm systems. App/ Environ
4 three- Microbiol, 60, 2711-2716.
sbxof.ilm Swope K., Blickinger M.C. (1996). The use of confocal scanning laser microscopy and other
py " tools to chatacterize Escherichia coli in a high-cell-density synthetic biofilm. Bistechnol
o Bioeng, 52, 340350, .
in river ‘Troyer H. (1980). Principles and Techniques for Histochemisiry. Litcle, Brown and Co Boston, MA. W
. 117_25- van Es EB., Meyer-Reil L.A. (1982). Biomass and metabolic activity of heterotrophic marine ! |
wabilicy. bacteria. Ady Microb Beof, 6, 111-170. 5
. { Wentland E.J., Stewarc P.S., Huang, C-T., McFeters G.A. (1996). Spatial variations in growth
 particles : rate within Klebsielln prenmoniae colonies and biofilm. Biotechnol Prog, 12, 316-321.
| Wolfaardt G.M., Cloete T.E. (1992). The effect of some environmental parameters on surface
-w.York. : colonization by microorganism. Warer Res, 26, 527-537.
uofl of ; Wolfaardt G.M., Lawrence J.R., Robarts R.D., Caldwell D.E. (1998). In sitx characterization
sa with ’ of biofilm exopolymers involved in the accumulation of chlorinated organics. Microb Eeol,
2 35, 213-233,
=t , 7 Wolfaardt G.M., Lawrence J.R., Headley J.V., Robarts R.D., Caldwell D.E. {1994). Microbial
L . : Lo - exopolymers provide a mechanism for bicaccumulation of contaminants. Micreb Ecol, 27,
cmsa.)py'w LT j'__~'p . SR e 20291 T "-.::n . e R e e e R
* Environ ‘ ) - Wood P, Caldwell D.E;, Evans E., Jones M., Korber D.R., Wolfhaardt G.M.," Wilson M.,
Gilbert P, {1998). Surface-catalysed disinfection of thick Pseudomonas aernginosa biofilms.
# probe | J Appl Micrabiol, 84, 1092-1098.
. 1801- ‘ Xu H-S., Roberts N., Singleton EL., Attwell R.W., Grimes D.]., Colwell R.R. (1982). Survival

and viability of nonculturable Escherichia coli and Vibrio cholerae in the estuarine and marine

environment. Microb Beol, 8, 313-323.
Yu EP., McFeters G.A. (1994a). Rapid in sit assessment of physiological activities in bacterial ‘ : L ‘

. ' ’ biofilms using flucrescent probes. J Microbiol Methods, 20, 1-10.

v and
2,331~

: AR
Oy PR Q\‘t\"“ﬁ :
AR IR
! Na‘—-f‘\.q\_'&\a ;WS‘




418 E PHILIP YU and GORDON A. McPETERS

Yu EP.,, McFetérs G.A. (1994b). Physiological responses of bacteria in biofilms to disinfection.
Appl Environ Microbiol, 60, 2462-2466.

Yu EP, Pyle R.IH., McFeters G.A. (1993). A direct viable count method for the enumeration
of attached bacteria and assessment of biofilm disinfection. J Microbiol Methods, 17, 167
180.

Yu EP, Callis- G., Stewart PS., Griebe T., McFeters G.A. {1994). Cryosectioning of biofilms
for microscopic examination. Biofonfing, 8, 85-91.

Zimmermann R., Iturriaga R., Becker-Birck J. (1978). Simultaneous determination of the total
number of aquatic bacteria and the number thereof involved in respiration. Appl Envivon
Microbiol, 36, 926-935. ’ '

Zobell C.B. (1943). The effect of solid sutfaces upon bacterial activity. J Bacteriof, 46, 39—
56.

3
t
¢
«
I
2

LB R o BT e I T

"

C oo

-~




