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(57) Abstract: A process for measuring total microbiological content in an aqueous medium includes adding a fluorescent dye to
the aqueous medium, measuring the fluorescent signal in the aqueous medium to obtain a baseline fluorescent signal, releasing in-
tracellular content of the microbiological matter into the aqueous medium by Iysing the microbiological matter, measuring the flu-
orescent signal in the aqueous medium with the released intracellular content of the microbiological matter to obtain a second flu-
orescent signal, subtracting the baseline signal from the second fluorescent signal to obtain a net fluorescent signal and equating
the net fluorescent signal with a microbiological content. Systems for measuring total microbiological content and methods for
measuring biofilm and adjusting for background noise are also provided.
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METHODS AND SYSTEMS FOR MEASURING MICROBIOLOGICAL
CONTENT IN AQUEOUS MEDIA

FIELD OF THE INVENTION
This invention relates 1o methods and systenw for quantifyving microbiological
content In aqueous media and more particutarly, (o fluorescence-based assavs for

measuring otal microbiological content.

BACKGROUND OF THE INVENTION

The presence of microbal activity in public water systems can cause health
risks. Furthermore. detection and control of microorganisms in indusirial svstems (g
critical to various businesses, because the presence of such organisms contributes
significantly to svstem corroston, deposition and fouling and divectly impacts the
operation costs of the systems. Monitoring nuicrobial concentrations in industrial
svstems and public water svstems, and treatment of these svstems. such as by the
application of blocides, 1s an iaportant part of maintaining these systems.

Conventional monttoring svstems for nucrobial detection use calture-based
methods or biochemtuminescence-based methods. Both of these methods quanuly
mucrofial population; however, there are intrinsic shortcomings and defects aftiliated
with both of these methods. The culture-based method requires fengthy incabation
time and often underestimates the microbial numbers due to the composition of the
incubation medium, The biochemlununescence methoed is fast, but has poor accuracy
and false positive and false negative resulis are frequently obtained.

Biofiims present additional concams for monitoring microbial concentrations.
Biofilms are groups of microbes that grow in complex aggregations and adhere to
inert or fiving surtaces. Cells in a biofilm are held tightly to each other by a matnx of
polvmeric compounds, such as exopolvsaccharides, lipopolvsacchasides or
elvcoprotems. In addition to the Touling, corvosion problems and health concerns
noted above. biofilms can reduce heat transfer and hydrauhic pressure in industrial
cooling water svstems, plug water injection jets and clog water filters, and result in
wmicrobial influenced corrosion. Biofilms are protected by layers of expolvmers and

are extremely resistant to disinfectants and other biocides,
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What 1s neaded is an accurate and rapid svstem and method having a high
degree of senstivity for quantifving microbiological content, including quantifvmg

biofilm content, in aqueous media.

SUMMARY OF THE INVENTION

In one embodiment, a process for measuring total microbiological content in
an aqueeous mediun including adding a uorescent dve to the aqueous medium,
measuring the fluorescent signal in the aquecus medium Lo obtain a baseline
fluorescent signal, releasing intraceliutar content of the microbiological matter into
the aqueous mediam by lyvsing the microbiclogical matter, measunng the Juovescent
signal in the aqueous medium with the released intracellolar content of the
microbiofogical matter to obtain a second fuorescent signal, subtracting the baseline
signal from the second flucrescent signat 1o oblain a nel flucrescent signat and
equating the net fleorescent signal with a microbiological content.

In another embodiment, a system has been found that measares the total
microbiological content in an aqueocus medium by adding a fluorescent dve to the
agueous medium, measuring the fluorescent signal in the aqueous mediwn to obtain a
basetine fluorescent signal, and then releasing intracelhudar content of the
ricrobiofogical matter into the aqueous medium by lvsing the microbiological matter.
The svstem then measures the fluorescent signal in the agueous medium with the
released intraceliular content of the microbiological matler 1o obtain a second
fluorescent signal. Next, the system subtracts the baseline signal from the second
fluorescent signal to obtain a net fluorescent signal and equates the net fluorescent
signal with a microbtological content.

In another embodiment, the total microbtological content svstem includes a
sample preparation module configured (o add a fluorescent dve to the aqueous
medium and a fysing module for releasing intracetlular content of microbiological
matter mto the aqueous mediwnm. The system also includes a detection module that
has an optical measurement enit that measures the fluorescent signal in the aqueous
mediam to obtain a baseline Duovescent signal and (hen measures the fluorescent
signal in the agueous mediun with the released intracetlutar content of the
microbiological matter (0 obtain a second (uorescent signal. The system also

contains a control modufe that subtracts the baseline signal from the second

(39
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fluorescent signal {0 obtain a net fluorescent signal and equaites the net fuorescent
signat with a microbiological content of the aqueous medium.

The various embodiments provide improved methods and svstems for
measuring total microbiological content in agqueous media, which are easy o use,
mnexpensive and accurate with a high degree of sensitivity and can be completed in a

short period of time.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1 depicts a graph of a regression plot of LOG delta RLU versus LOG
cell concentration (cfu‘ml) for Psendomonas fluorescens diluted i autoclaved
phosphate buller saline (PBS).

Figure 2 depicts a graph of a regression plot of LOG delta RLU versus cell
concentration (cfw'mi) for Psendomonas fluorescens diluted i filtered cooling tower
yater.

Fipure 3 depicts a graph of assay readings for cell concentration (cfis'mi)
based on total microbiclogical content and plate count and ATP bioluminescence
versus cell dilutions for Pseudomonas fluorescens dituled m autoctaved phosphate
buffer saline (PBS).

Figure 4 depicts a eraph of assay readings for cell concentration (clu/mi)
based on total bacterial assay and plate count and ATP bioluminescence versus cell
dilutions for Preudomonas fluorescens diluted in filiered cooling tower waler.

Figure S depicts a graph of a regression plot of LOG delta delta RLU versus
1.0G cell concentration (cfuml) Tor Pseudomonas fluorescens dituted in antoclaved
cooling tower water.

Figure 6 depicts a graph of a regression plot of LOG delta RLU versus LOG
cell concentration (cfu'ml) Lor Psendomonas aeruginosa biofilm suspended in 0.85%
saline huaffer.

Figure 7 is a schematic drawing of a system for monitoring the lotal bacterial
content In an agueous medium according o an embodiment of the invention.

Figure 8 is an optical measurement vt of the total bacteria monitoring system

of Figwre 7.
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DETAILED DESCRIPTION OF THE INVENTION

The singular forms “a,” “an” and “the™ include plural refevents unless the
context clearly dictates otherwise. The endpoints of all ranges reciting the same
characteristic are independently combinable and inclusive of the recited endpoint.  All
references are incorporated herein by referencea.

The modifier “about™ ased m connection with a quantity s inclusive of the
stated value and has the meaning dictated by the context (e.2., includes the tolerance
ranges associated with measurement of the particidar guantity ).

“Optional™ or “optionally ™ means that the subsequently described event or
circumstance may or may not occur, or that the subsequently identified matenial may
or may not be present, and that the description includes instances where the event or
circumstance ocears or where the matenal is present, and nstances where the event of
circumstance does not aceur or the material is not present.

In one embodiment, a process for measuring total nucrobiologicat content in
an agueous medium including adding a fluorescent dye 1o the agueous medium,
measuning the flaorescent signal in the aqueous medium to obtain a baseline
fluorescent signal, refeasing mtracelhdar content of the microbiclogical matter into
the aqueous medium by bvsing the microbiological matter, measuning the fluorescent
signal n the aqueous medium with the released intracellutar content of the
microbiotogical matter to obtain a second fluorescent signal, subtracting the baseline
signal from the second fluorescent signal to oblain a net fluorescent signal and
equating the net fluorescent signal with a microbiological content,

The process measures tolal microbiological content in an agueons medigm.
The microbiological maiter moayv be microbes, sach as bactenia. Non-limiting
axanmples of bacteria mclude Pseudomonas acruginosa, Fseudomonas fluorescens,
Pseudomanas putida. Desulfovibrio desulfuricans, Klebsieila, Comamonas terrigena,
Nitrosomonas ewropaca, Nitrobacter vulgarts. Sphaerotilus natany, Gaillionella
species, Mycobacterium terrae. Bacilius subulis, Flavobacterium breve, Salmonella
enterica, Enterica serovar Typhimurium, Bacilius airophaeus spore. Baciilus
megaterium, Enterobacter acrogenes, dctinobaeillus acrinomyeetemceomitans.
Candidi albicans and Eesherichia coli.

Agueous medium may be any ype of aqueous media that may contain
microbiofogical matter including aquecus media into which biolilm microbes have

been distodged or dispersed. In one embodiment, the aqueous medium is waler. In
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one embodiment, the water mayv be nuwicipal water or industrial water, such as
cooling tower water. In another embodiment, the aqueous medium may be agueous
solutions for parsonal care product manufacturing or food and beverage or
pharmaceutical processing. In one embodiment. the aqueous media may be a saline
solution. In another ersbodiment, the aquecus media may be a phosphate bufter
solution,

A {luorescent dve is added to the aqueous medium. The {luorescent dyve may
be any tvpe of dve that changes its fluorescence signal in the presence of
microbiological matter. In one embodiment, the Huorescent dve is a uorochrome,
which 1s a nucrobiological staining dve that binds with biclogical cellular
components. such as nucleic acids. protems, cvioplasmic components and membrane
components.

Examples of Huorochromes include, but ave not timited to. acridine ovange,
ethidiwm bromide, Hoechst 33258, Hoechst 33342, propidium iodide, 4°.6-dianudino-
2-phenylindole and nucleic acid dves avaitable commercally. such as PicoGreen®,
SYTO™ 16, SYBR™ Green I, SYBR™ Green 11, SYBR” Gold, YOYO™, TOTO™,
TO-PRO™, YO-PRO®, Texas Red”, Redmond Red®, Bodipy™ Dyes or Oregon
Green™. Fluorochromes are commercially available from Molecular Probes (Eugene.
OR), Sigma Chemical (St Louis, Mo.), Amersham (Arlington Heights, IL.),
Caltbiochem-Novabiochem (La Jolla, CA) or Svnthetic Genetics {San Diego, CAY. In
another embodiment, the fluorochrome dve may be a cvamne dye, which is available
commercially as PicoGreen™. TOTO™ SYBR™ Green I. SYBR® Green 11, SYBR®
Gold or SYBR™ Green I 1n another embodiment. flucrochrome dve is an
asymmetrical cvanine dve, such as SYBR™ Green I

The fluorescent dve is added to the agueous medium in an amount suitable for
fluorescing the microbiological matter in the aqueous medium. In one embodiment,
the Quorescent dve s added mn an amount of from about .3 mg (o about 10¢ my
fluorescent dve per liter of agueous medium.  In another embodiment. the fluorescent
dve is added in an amount of from about 0.5 mg to about 10 myg per liter of aqueous
meadiunm. In another embodiment, the dye is added i an amount of from about 0.5 mg
to about 1.0 mg per liter of aqueous mediam.

In one embodiment, a portion of the aqueous medium is removed for testing.
Portions of the aqueous medium may be removed manually or may be removed

svstematically by an online testing device. The fluorescent dyve is added to the
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agueous medium and dispersed by mixing. In another embodiment, a solation of the
fluorescent dye is wjected te the aqueous medium sample and blended.

When using a ltuorochrome, the pH of the aqueous medium is maintained
within a suitable range for optimizing the Quorescence of the dve. In one
embodiment, the pH of the aqueous medinm 1s maintatined from about 4.0 to aboul
9 3. In another embodiment, the pH of the agqueous mednuam 1s maintained from aboat
7.0 to about &.0.

In one embodiment, a bafler is added to the aqueous mediam to maintain the
pH of the aqueous mediam within a switable range  The bulfer may be any type of
buffer that does not affect the microbiological matter or [lucrescence measurements in
the aqueous medium. 1o one embodiment, the butter is an inorganic butfer. such as
phosphate butfered saline or borate buffer. In another embodiment, (he buffer1s an
orgamic butler, sach as tristhvdroxymethyhaminomethane. ethyvlenediaminetetraacetic
acid, N-2-hvdroxvethvlpiperazine-N’-2-ethanesulfonic acid or nuxtures theveof. In
one embodiment, the buffer is a blend of tris(hyvdroxymethy Daminomethane and
ethylenedianunetetraacetic acid. In another embodiment, a blend of
tristhy-droxy methyDaminomethane i a concentration range ol about § mol/L to about
3( numnol/L. and ethyvlenadiaminetetraacetic acid i a concentration range of about 100
mmol/L to about 3 nunol/L is in a molar ratio of about 10:1.

The buffer mav be added before or afiey the fuorochrome is added to the
agueous medivm. fn one embodiment. the uorochrome and bulTer are premixed and
added together to the aqueous medium,

In one embodiment, the buffer s added to the aqueous medivr in an amount
of from about | percent by volume to about 30 percent by volume based on the
volume of the aqueons medium. In another embodiment, the buffer i1s added to the
aqueous medium in an amount of from about 1 percent by volume to about 13 percent
by volume based on the volume of the agqueous medium. In another embodiment, the
buffer ts added o the aqueocus medium i an amount of from about 3 percent by
volume to about 10 percent by volume based on the volume of the aqueous medium.

A baseline fluorescent signal is obtained by measuring the Huorascence of the
agueous mednan with the fluorescent dve. As used heremn, “fluorescent™ means the
light emitted by a compound when excited by a shorter wavelength light. The

excitation and enussion wavelengths depend on the fluorescent dyve selected. In one
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embodiment, (he excitation wavelength iz from about 330 nm o about 604 nm and the
emission wavelength is from about 450 nim 1o about 650 nm.

Fluorescence may be measwed by any type of fluorescence detector. In one
embodiment. the fluorescent signal 1s measured by fluorescence spectroscopy,
fluorgscence microscopy, fluorescence diode array detection, micro plate fluorescence
reading or flow evtometry. In one embodiment, the fluorescence detector is a
portable fluorescence-based detection device or an online water condition monitorng
mstrument having fluoreseence spectroscopy. In one embodiment, the portable
fluorescence-based detection device has an LED excitation hight and & PMT emission
detector. In one embodiment, the portable flucrescence-based detection device has an
LED excitation light and a photodiode ennssion detector.

The measurement 13 performed rapidly and several measurements may be
taken and averaged. Microbiological matter may be detected at a concentration as
low as 10° colony forming units (cfu) per milliliter of aqueous medium tested without
requiring a pre-test concentration process.

The baseline measurement can be recorded manually or iz measured and
stored in an online monitoring nstrument.

The fluorescent dve stains microbiclogical celiular components, but cannot
permeate in-tact cell membranes of the microbiofogical cells. To measure total
microbiotogical content, the intraceliular content of the microbiological matier 1s
released into the agueous mediurn where i can be contacted by the Duorescent dve.
In one embodiment, the intracellular contents of microbiological matter is released by
lvsing cells of the muacrobiologicat matter, which breaks apart the cell membrane.
Lysing may be performed using mechameal, chemical. physical, elecirical. ultrasonic
or mucrowave methods or anv combination of these methods.

Mechanical Ivsing physically disrupts the cell barriers, such as by shear,
vibration of force. Examples of mechanical methods include, but are not limited to,
pressure~dnven cell flow through filter-like structures or small scale bars i fluidic
channels, asmotically stressing cells with rapid diffusional mixing of low ionic-
strength water, subjecting cells (¢ shear lorces while entering a special region with
sharp smail-scale structures, disrupting cedl barriers with a mintbead beater or bead
mill or applying ultrasonic energy to the cells in the aquecus medium,

Chenucal tysing occurs when chemicals are used to disrupt the celt barriers

and allow the intraceflular content 10 be released  Any chemical may be used that can



WO 2010/062472 PCT/US2009/059239

225863-1

distupt the cell barriers. In one embodiment, detesgents, enzvmes, extraction solvents
or tvsing buffers are used. Detergents include. but are not limuted to. dodecyl sulfate,
3-{(3-cholamidopropy hdimethylammonio|- 1-propanesul fonate, TWEEN™ 20
detergent, TRITON™ X series detergents, sodium cholate, sodium deoxvcholate,
guanidinium chlonde. Enzvimes inclade, but are not himited (o, lysozymes,
mutanolvsin, labiase, lysostaphin, Ivticase. proteinase K, endolysin or
achromopeptidases. Extraction sofvents include, but are not fimited to,

polvvinvipoly pyrrotidone, phenot, inchlorotsifiuoseethane or a nuxture of phenol and
guanidinium thiocvanate or guanidmium chioride.  Lysing buffers include, but are not
limited 1o, ammonium chlonde, quaternary anumoniuwm compounds,
hexadecyitnmethyiammonium bromide, cetyltrimethy lammonium bromide, sodium
dodecy| sulfate, hexametaphosphale, sodium pyrophosphate, Z.zu)—o-giobm'I Mg tvsing
bulfer available commercially from Coudter Diagnostics or CyQUANT™ celf lysis
buffer, avaitable commerctally from Molecular Probes.

The reagent may be added in anv amount suitable for lysing the
mucrobtological matter and may be added in excess. In one embodiment, the reagent
is added 1w an amount of from about | mg to about 10,000 mg per hiter of aqueous
medium. In another embodiment. the reagent is added in an amount of from about {
mg to about 1000 mg per liter of aqueous medium.  In another entbodiment, the
reagent 1s added in an amount of from about 1 mg to about 30 mg per liter of aqueous
medium.

Physical Ivsing may occur thermally or by freeze-thawing. Cell lvsing can be
accomplished thermally by heating the agueous medium, such as with a thermal block
or hot plate. In one embodiment, the aqueous medium s heated to g temperatwe from
about 40°C to about 100°C. In anather embodiment, the temperature is from about
40°C to about 60°C. In one embodiment, the aqueous medium is heated from about 1
minte (o about 1 hour. In another embodiment, the agqueous medium is heated from
about 1 minute 1o about 30 nunutes, including frony about | minute to about 15
minutes. In another embodiment, the aqueous medium is heated from about 1 nunute
to about 3 minutes.

In ong example of freeze-thawing, the aqueous medium is frozen, such asn
an ethanol-dry ice bath, and then thawed.

Cells may be lysed electrically with a series of electrical pulses, by diffusive

mixing and dielectrophoretic trapping or by microwave radiation. Free radicals may



WO 2010/062472 PCT/US2009/059239

225863-1

also be used for cell lvsing. The method mchudes applving an electric field to a
mixtwre of a metal won, peroxide and the microbiological matier o the agueous
medium to generate free radicals, which attack the cell barriers.

The fluorescent signals of the aqueous medium are measured before and after
the itracellular content of the microbiological matier has been extracted and released
into the aqueous medium to provide a basehine fuorescent signal and a second
fluorescent signal, respectively. These fluorescent sighals may be recorded manually
or mav be measered and stored in an online monitoring instrunent.

The baseline fluorescent signal 1s subtracted from the second Huorescent
signal to obtain a et Ruorescent signal.

The net fluorescent signal mav be equated with a tolal microbiological
contani. A calibration curve may be preparad for a selected Huorescent dyve from
known concentrations of mucrobiological matter and Juorescence measurements of
the concentration. In one embodiment, the concentrations of nucrobiological matter
are determined by plate count method. In one embodiment. several samples
containing known total microbiological contents and the selected fluorescent dve are
measured to obtaim uorescent signals. The log numbers of these signals are plotted
on a graph and regression analysis may be performed (o obtain a calibration curve
equating total microbiological content with fluorescent signals.

Total bacterial concentration can be measurad quuckly and depending on the
method selected for releasing extracelialar contents of the biological roatter, agsays
can be completed within § minutes. The rapid assavs are well-suited to laboratory
use, fleld applications, on-hine automated batch svsiems or off-line montionng
systems, In another embodiment, the assavs may be avtomated and performed
continuously.

In another embodiment, a background (uorescent signal may be obtained to
remove background interference and improve the accuracy of measuring the
microbiofogical content o an aguecns medium. A background signal may be
obtained by measuring the fluorescence of any additional organic or non-cellular
components. In one embodiment, a background signal 1s subtracted from the net
fluorescent signal. In one embodinent, a process for measasing total nucrobiological
content in an aqueous medium includes adding a fluorescent dyve (o an agueous
medium portion. obtaining an additional agueous medium portion for a background

aqueous mediom portion, treating the background aquecus medium portion to remove

o
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microbtological matier, adding a fuorescent dve to the treated background agqueous
medium portion, measuring a fluorescent signal in the aqueous medium portion to
obtain a baseline fluorescent signal. measuring a fluorescent signal in the treated
background aqueous medium portion to obtain a background baseline fluorescent
signal, releasing miracellular content of the microbiological matier in the agueous
mediam portion into the aqueons medium by tvsing the nuerobiological matter,
simulating the fvsing procedure in the background aqueous medium portion,
measennyg the flacrescent signal i the aqueous medium portion with the released
microbtological intracellular content (o obtain a second Ruorescent signal, measenng
the fluorescent signal in the simulated background aqueous mediun portion (o obtain
a second background fluorescent signaf, sublracting the baseline signal from the
second {luorescent signal to oblan 3 nel fluorescent signal, subtracting the
background basehine Quorescent signal from the second background fluorescent signal
to obtain a vet background signal, adjusting the net fluorescent signal with the net
background signal and equating the adjusted net fluorescent signat with a
mucrobrologieal content.

The aqueous media is described above. Background signals may be obtaimed
for anv tvpe of aqueous media, but are most helpful for aqueous media with high
amounts of organics or non-cellutar components that tlyoresce in the presence of the
fluorescent dye, such as process water from crade o1f processing. In one embodiment,
the aqueous medium portion and the background aqueous mediam portion have the
same volume,

Adding the fluorescent dve and steps for oblaning the baseline fluorescent
signal, releasing the intracellular content of ithe microbiological matier. obtainmg a
second fluorescent signal and obtaining a net fluorescent signal are described above.

The agueous medium may be treated to remove the nucrobiological matter.
The nucrobiological matter may be removed from the aqueous medium for obtaining
a background signal by beating the aquecus medium or by treating the aqueous
meadium with hocides. such as bleach, chlorine, other commercial biocides or
combinations thereof. In one embodiment, chiorine is used in an amount of from
abowt 0.1 ppm Lo about 30 ppm. In another embodiment, chlornne is used in an
amount of from about 9.1 ppm to about 20 ppn, including fron about 0.1 ppm to
about 10 ppm. The biocide may be used in an amount of from about 1 ppm to about

200 ppm. In another embodiment, the biocide is used in an amount of from about 1

10
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ppm to about 100 ppm, including from aboat 1 ppm to about 50 ppm. When using
chlorine, it mav be necessary to neutralize the chlorme alter the background
microbiological effect is minimized. In one embodiment, sodium meta bisulfite is
used to neutralize the chiorine. 1n one embodiment, sodium meta bisulfite is added o
the aqueous medium i an amount of from about 1 ppm to about 300 ppm. In another
embodiment, sedium meta bisulfite 1s added to the aqueous medivnm m an amount of
from about 1 ppm to about 300 ppin, including from about | ppm to about 200 ppm.
In another embodiment, the microbiological matter components may be
removed by heating the aqueous medium, such as with a thermal block or hot plate.
In one embodiment, the agueous medium is heated to a temperature from about 40°C
to about 100°C. In another embodiment, the temperature 18 from about 40°C to about
706°C. In another embodunent, the temperature is from about 40°C to about 60°C. In
one embodiment, the aqueous medium s heated from about § minute to aboat 1 howr
In another embodiment, the aqueous medium is heated from about 1 nunute 1o about
30 munutes, mcluding from about 1 minute to about 13 nunutes. In another
embodiment, the aguecus medium is heated from about 1 minute 10 about 3 munules.
A background baseline fluorescent signal may be obtained by measuring the
fluorescence of the aqueous medium portion that was treated to remove
microbiofogical matter. The excitation and emission wavelengths depend on the
fluorescent dve selected. In one embodiment, the excitation wavelength 1s from about

N

350 am to about 600 nm and the emission wavelength is from about 450 nnt to about
630 nm. Fluorescence may be measured by a fluorescence detector as described
above. The background baseline signal can be recorded manually or1s measared and
stored 10 an onling monitoring instrament.

The lysis procedure may be simulated in the treated background aqueous
medium portion. In one embodiment, the process for releasing intraceliutar
microbiotogical content into the aqueous meadium portion is repeated i the
background aqueous medium portion in which the nucrobiotogical matter has been
removed. Lysing mav be performed using mechanical, chenucal, physical, electrical,
altrasonic or microwave methods or any combination of these methods, as is
described above.

A second background uorescent signal may be obtamed by measuring the
fluorescence of the stimulated background aqueous medium. The excitation and

emission wavelengths depend on the (luorescent dve selected. In one embodiment,
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the exciiation wavelength is from about 330 nm to about 600 am and the emission
wavelength is from aboul 430 nm to about 650 nm. Fluorescence may be measured
by a Nuorescence detector. which are described above. The second background
fluorescent signal can be recorded manually or s measured and stored in an online
montosing instrument.

The background baseline fluorescent signal may be subtracied from the second
background fluorescent signal 1o obtain a net background signal. The net fluorescent
signal may be adjusted by subtracting the net background signal [rom the net
fluorescent signal 1o obtain an adjusted net fluorescent signal.

The adjusted net fluorescent signal mav be equated with a total
microbiofogical content. A calibration curve may be prepared for a selected
fluorescent dyve from known concentrations of microbiofogical matter and
fluorescence measurements.  In one embodiment, severat samples containing known
total nucrobiological contents and the selected fluorescent dyve are measured Lo obtain
fuorescent signals. The log numbers of these signals are plotted on a graph and
regression analysis is performed to obtain a cahbration curve equating total
microbiological content with fuorescent signals.

Portions of the aqueous medium may be removed manually or may be
removed syvstematicatly by an online testing device.

In another embodiment, the conceniration of biofilim may be quaniified.
Biofilms chng to surfaces, wchuding, but not hinuted to, glass. plastic, metal or paimt,
and can be dislodged from the surfaces and dispersed in an agueous medium {0
measure the tolal microbiological content of the biofiim. In one embodiment, a
process for measuring biofilm content 10 an aqueous medium nclades dispersing
ofilm into the aqueous medium, adding a fuorescent dyve to the aqueous medium,
measuring the fluorescent signal in the aquecus medium (0 obtain a baseline
fluorescent signal, refeasing intraceliviar content of the microbiological matter into
the aqueouns medium by iysing the microbiotogical matter, measuaring the fluerescent
signal in the aqueous meadium with the released intracethudlar content of the
microhiological matter to obtain a second Huorescent signal, subtracting the baseline
fluorescent signal from the second Ruorescent signal to obtan a net fuorescent signal
and equating the net fluorescent signal with a microbrological content.

Biofitms or sessife microbes must be detached from surfaces and dispersed in

an aqueous media to quantify the nucrobial concentration of the biofilms. Aquecus
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medium may be any vpe of aqueous media into which biofilm nucrobes have been
distodged or digpersed. In one embodiment, the biofiims are dispersed in a saline
solution. In another embodiment, the biofilms are dispersed in a buffered saline
solution. In another embediment, the aguecus media may be a phosphate bufter
solution. In another emsbodiment, the agueous medium s water, In another
embodiment, the water may be manicipal water or indusinal water, such as coohng
tower water.

The nucrobial cells may be pecled or dislodged from the growth swlace and
dispersed into the aqueons medium by any switable maover that does not disrupt the
individual cell structure and may be achieved through a phyvsical method, a
mechanical method, a chemical method or a combination of these methods. Examples
of physical methods for detaching and dispersing biofitm cells inctude, but are not
Iimited to, agitation, vortexing, shaking and washing with strong shear stress. In one
embodiment, the biofilm is dispersed with vortexing. In one embodiment, a biofilm
coupon is submerged in a Liquid and the cells are dislodged from the coupon by
creating a How of Mlwd that vortexes or swirls raprdly around as in a evclone for a
suttable time to release the cells from the aggregate. In one embodiment, the biofilm
is vortexed for about 3 seconds to about 3 minutes. In another embodiment. the
biofifm 1s vortexad from about 10 seconds to about 3 minutes. In another
embodinent, the biofilm is vortexad from about 13 seconds to about 1 minute. In
another embodiment, the biofitm is vortexed for about thirty seconds.

Examples of mechanical methods for detaching and dispersing bioftln cells
include, bai are not fnated to, the ase of a sonication bath or an electric curreni.

Examples of chemical methods for detaching and dispersing biofilm cells
include, but are not linuted to. adding a surfactant, dispersant or digestive enzyme.
Examples of surfactants include, but are not limited to, ethylene oxide andior
propylene oxide (EQ/PO) copolymers, dimethylanude polvmer, U Jra-Kleen ™
bioctde, which is commercially avalable from Steniex (Owings Mills, MD). sodium
octane sulfonate or alkvl polyglvcoside. Examples of enzymes include, but are not
limited 1o, blends of celiulase, alpha-amylase and protease. In one embodiment, the
dispersant may be polvethvlensinine.

After the biofilm has been distodged and dispersed in the aqueous medium, a
total microbial assay is performed. The steps for adding a fluorescent dye to the

aqueous mediom, measuring the {luorescent signal in the aqueous medium ¢ obtain a
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baseline fluorescent signal, releasing ntracellalar content of the microbiological
matter into the aqueous mediam, measuring the Juorescent signal in the aqueocus
medium with the released intraceltular content of the microbiclogical matter to obtain
a second fluorescent signal. obtaining a net fluorescent signal and equating the nat
fluorescent signal with a microbiological content are deseribed above.

In another embodiment, the total amount of microbiclogy (cfu) may be
obtained by multiplying the conceniration with the known volume ol aguenus media
imte which the biofilm was dislodged. In another embodiment, the amoant of
niicrobiology per surface unit area (cfdem’) may be obtained by dividing the amount
of mucrabiology by the unit area of surface to which the biofilm was attached.

Biofilm can be measured directiy by sampiing biofilm from select sysiem
surfaces of known dimension. Altematively, & coupon can be used to grow and
measure the propensity of a svstem o grow biofilm. Some areas of water systems are
maccessible for practical sampling, and coupon testing provides a measure of the
propensily for the svstem to grow biofilm. This method can also provide evidence
that a treatment program has suceessfully reduced the propensity for the treated
system to grow brofilm.

In another embodiment, a background fluorescent signal may be obtained to
remove background interference and improve the accuracy of measuring the biofilm
content in an agueous medium.

In order that those skitled i the art will be better able to practice the present
disclosure, the following examples are given by way of iflustration and not by way of

linutation.

EXAMPLES
EXAMPLE 1

Calibration Curve in phosphate buffer saline (PBS):

Pseudomonas fluorescens cells were grown over might in a liquid culture media and
added to 10 mi of PBS to form an intial sample. Serial dilutions were preparad from
the fmitial sample. .1 ml of the inttial sample was added (0 9.9 mi of PBS to make a
1%

(10 solution. 1 mi of the 1% solution was added to 9 ml of PBS 1o make a 0.1%

(107 solution. 1 mi of the 0.1% solution was added to 9 m} of PBS to make a 0.01%
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(10" solution. 1 ml of the 0.01% sohdtion was added 10 9 m} of PBS to make a
0.001% (107) solation. 10 ml of the PBS was used for a cell-free blank

{70ul samples were taken from each of the diluted samples and the celi-free
blank and each sample was mixed with 20ul of 10X SYBRY Green I dve and 10ul of
20X CyQUANT™ cell lysis buffer (avaitable commercially from Molecular Probes).
Fluorescence intensity was measured for each of the samples {cell-free blank, 1O 10
* 107 and 10°%) at an excitation wavelength of 497 nm and an enussion wavelength of
520 nm by an LS33 Luminescence Spectrometer (PerkinEimer). The flaorescence
was measured four times for each sample and averaged to oblain a Fluorescence
Intensity 1 signal.

The samples were heated at 607 Celsius for 2 minutes and then cooled down to
room lemperature. Fluorescence intensity was measured for each of the diluted
samples (1 (')'3:_ 3 ()'3,_ 107" and 107) at an excitation wavelength of 497 nm and an
enussion wavelength of 520 nm. The fluorescence was measured four times for each
sample and averaged to obtain a Fluorescence tntensity 11 signal.

A delta fuorescence intensitv (A was obtained by subiracting the
Fluorescence Intensity 1 signal from the Fluorescence Intensity H signal.

Concentrations of the total Pseudomonays fluorescens bacteria were obtained
for each sample {cell-free blank, 107, 107, 10 and 107) using a standard plate count
method.

Regression analysis was performed between the log value of the delta
fluorescence intensity (relative light unit (RLL)) and the log value of the plate count
(chiw'mt) to obtamn & calibration cusve as shown in Figare 1. The regression equation 13
v =~ 137+ 0855 x (R-Sq = 97.6%).

EXAMPLE 2
Calibration Curve:

A calibration curve was prepared as in Example 1 except that filtered water
from a cooling tower was used instead of the PBS,

About 30 mi o water [rom a cooling lower was filtered through a PVDF filter
(Millipore SLGVO3I3RB) to remove residual microorgamisms. 10 mi of the filtered
water was used for a celi-free blank

Concentrations of the tolal Pseudomonas fluorescens bacteria were obtaimed

for each sample (cell-free blank, 107, 107, 107 and 107 by the plate count method.
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Regression analysis was performed between the log value of the delia
fluorescence mitensity (RLUY and the log value of the plate count (cfwmi) to obtain a
cahibration curve as shown in Figure 2. The regression equation is v = 0.383 +~ 0.576
x (R-8q = 90.7%).

EXAMPLE 3

Pyeudomonas fluorescens cells were grown over night on a cultuwre plate and
added to several 170ut samples of phosphate bufTer saline. Each sample was nuxed
with 20pt of 10X SYBR® Green I dve {[rom Molecular Probes) and 10l of 20X
CyQUANT™ celt tvsis buffer.

Fluorescence intensity was measured for each of (he samples at an excitation
wavelength of 497 nny and an emission wavelength of 320 nm. The fuorescence was
measured four times for each sample and averaged to obtain a fluorescent baseline
sighal.

The samples were heated at 60° Celsius for 2 minutes and then cooled down to
room temperature.  Fluorescence intensity was measured for each of the samples at an
excitation wavelength of 497 nm and an emission wavelength of 320 nm. The
fluorescence was measured four times for each sample and averaged to oblain a
second fluorescent signal.

A delta fluorescence intenstly (A) was obtained by subtracting the Tuorescent
baseline signal from the second fluorescent signal. The log value of the delta
fluorescence mnlensity measurenents were equated with a cell concentration (cfu/ml)
from the calibration curve prepared in Example | and ave shown as Sample ¥ in
Figure 3. Figure 3 depicts a graph of assay readings for cell concentration (cfivmt)
and ATP biolummescence versus cell dilations for Pseudomonay fluorescens dituted
in phosphate buller saline (PBS).

Comparative tests were also prepared on each sample by plate count and
Bioscan' ™ ATP. Four measurements were prepared for each test and averaged and
ase shown n Figure 3. Plate Count and the Sample 1 resalts are reposted o log
concentrations and ATP results are reported i original concentrations. ATP results
had 1-log vanance for the same standard and the results were {oo noisy 1o be used for
quantitative comparisons.

Sample | was performed in 3 minates or less and can measure concentrations

as tow as 10% cfw/ml with good accuracy. It has a similar variation {standard
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deviation /mean) and good corrglation with traditional culture-based methods, and has
musch better detection limit and smaller variation compared to the industial

Bioscan F ATP method.

EXAMPLE 4

FPseudomonas fluorescens cells were grown over night on a cuolture plate and
added to several 170! samples of field waler that was autoclaved to remove residual
MICroQrganisms.

Each sample was mixed with 201} of 10X SYBR” Green 1 dve (from
Molecular Probes) and 10ul of 20X CyQUANT™ cell lvsis baffer.

Fluorescence intensity was measured for each of the samples at an excitation
wavelength of 497 nm and an emission wavelength of 320 nm. The fuorescence was
measured four times for each sample and averaged to obtain a fleorescent baseline
sighal.

The samples were heated at 60° Celsius for 2 minutes and then cooled down to
room temperature. Fluorescence intensity was measured for each of the samples at an
excitation wavelength of 497 nm and an emission wavelength of 320 nm. The
fluorescence was measured four times for each sample and averaged to oblain a
second fluorescent signal.

A delta fluorescence intenstly (A) was obtained by subtracting the Tuorescent
baseline signal from the second fluorescent signal. The log values of the delta
fluaorescence mnlensity measurenents were equated with a cell concentration (efu/ml)
from the calibration curve prepared in Example 2 and ave shown as Sample 2 in
Figure 4. Figure 4 depicts a graph of assay readings for cell concentration (cfivmt)
and ATP biolummescence versus cell dilations for Pseudomonay fluorescens dituted
in field water.

Comparative tests were also prepared on each sample by plate count and
Bioscan' ™ ATP. Four measurements were prepared for each test and averaged and
ase shown m Figure 4. Plate Count and the Sample 2 resalts are reposted o log
concentrations and ATP results are reported in original concentrations. The ATP
results had 1-fog variance for the same standard and the resulis were {oo noisy to be
used for quantilative compansons.

Sample 2 was performed in 3 munates or less and can measure concentrations

as tow as 10% cfu/ml with good accuracy. It has a similar variation {standard
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deviation/mean} and good correlation with traditional culture-based methods, and has
musch better detection limit and smaller variation compared to the industiial

Bioscan F ATP method.

EXAMPLE 5

Cahbration curves were prepared for Pseudomonas fluoreseens bacteria in
cooling tower waler and in phosphate baffer saline (PBS). Aboat 50 ml water from a
cooling tower was autoclaved to remove restdual nucreorganisns.

Pseudomonas fluorescens cells were grown over night in a liquid culture
media and added o 10 mi of the autoelaved cooling lower water to form an initial
sample. Sertal dilutions were prepared [rom the wnitial sample. 0.1 ml of the initial
sample was added to 9.9 mi of autoclaved cooling tower water to make a 1% (10°)
solution. I ml of the 1% solution was added to Y mi of autoclaved cooling water to
make a 0.1% ('i()"?} sohution. 1 ml of the {.1% solution was added 10 9 mid of
autoclaved cooling water to make a 0.01% (107 sotution. 1 ml of the 9.01% solution
was added to 9 mi of autoclaved cooling tower water to make a 0.001% (1 0%y
solution. 10 i of the autoclaved cooling tower water was used for a blank.

Peewdomonas fluorescens cells were added to 10 ml of the PBS to form an
intial sample. Serial ditutions were prepared from (he ininal sample as for the
cooling tower water to make PBS solutions of 107, 107, 10 and 107, 10 ml of the
PBS was used for a blank

A sample from each water and PBS serial dilution was set aside for measuring
background nowse n the water samples. Each background sample was treated with a
biocide composed of 1 ppm chlorine and 20 ppm Bellacide™ 350 for 30 minutes. 200
ppra soditem bisulfite was added to neatralize the residual chlorine.

170ul samples were taken from each of the diluted cooling tower water PBS
samples and background samples. Each sample was mixed with 20pi of 10X SYBR®
Green 1 dve (from Molecular Probes) and 10ul of 20X CyQUANT™ cell lysis buffer,

Fluorescence intensily was measured for each of the cooling tower waler and
PBS samples at an excilation wavelength of 497 nm and an emission wavelength of
320 nm. The fluorescence was measured four tmes for each sample and averaged to
obtain a Fluorescent I signal. Fluorescence intensity was measurad for each of the

background coofing lower water samples at an excitation wavelength of 497 nm and

18



WO 2010/062472 PCT/US2009/059239

225863-1

an emission wavelength of 520 nm. The Quorescence was measured four times for
each sample and averaged 1o obtam a Backgroand Fluorescent I signal.

The samples were heated at 60 Celsius for 2 minutes and then cooled down to
room lemperalure. Fluorescence intensity was measured again for each of the cooling
tower water and PBS samples at an excitation wavelength of 497 nm and an emussion
wavelength of 520 nm. The ffuorescence was measured four tmes lor each sample
and averaged to obtain a Fluorescent 1l signal. Fluorescence intensity was measured
for each of the background cooling tower water samples at an excitation wavelength
of 497 nm and an enussion wavelength of 520 nm. The fluorescence was measured
four times lor each sample and averaged (o obtain a Background Fluorescent 11 signal,
A net fluorescence intensity was oblained by subtracting the Fluorescent 1 signal from
the Fluorescent 1l signal. Net fluorescent measurements were obtained for each
cooling tower waler and PBS sample

A pet background fluorescent intensity was obtained by subtracting the
Background Fluorescent Intensitv I signal from the Background Fluorescent Intensity
I stgnal. Net background fluorescent measurements were oblained [or each
background sample.

Adjusted net fluorescent signals were obtained by subtracting the net
background fluorescent signal from the net fluorescent signal for each sample.

Concenirations of the total Pyeudomonas fluoresceny bactena weare oblained
for each cooling tower water and PBS sanple using a standard plate count method.

Regression analysis was performed between log value of the adjusted net
fluorescent signal {(RLUY) and the fog value of the plate count (cfu/ml) io obtain
calibration curves or the cooling tower water and the PBS, as shown in Figure 5. The
regression equation for the PRS calibration curveis v = -1.47 + 0 847X (R-Sg=92.2
%). The regression equation for the cooling tower water is v = -1.29 + 0.741x (R-8¢q

=737 %), Three outliers out of 163 data points were deleted.

EXAMPLE 6
A cahibration curve was prepared as in Example 1 except that the bactenia was
Pseudomnonas aeruginosa cells that were grown over night in a trypic soy broth (TSB)
liquid culture media and added 1o 10 mi of ©.83% saline buffer (o form an initial

sample.
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Seral dilutions were prepared from the inttial sample. 0.1 mi of the inttial
sample was added 10 9.9 mi of 0.85% saline buffer to make a 1% (107 solution. 1 m}
of the 1% solution was added to 9 ml of 0.85% saline huffer to make a 0.1% (1¢7)
solution. 1 ml of the 0.1% solution was added to 9 mi of .83% saline buffer (o make
a0.01%

(107 solution. 1 ml of the 0.01% solution was added to 9 mi of 0.83% saline buffer
to make & 0.43]1% (1 o } sofution. 10 mi of the 0.85% saline buffer was used fora
ceti-free blank

180ul were taken from each of the diluted samples and the cell~free blank and
cach sample was mixed with 20ul of 10X SYBR® Green | dve. Fluorescence
intensity was measured for each of the samples (cell-(ree blank. 107, 107, 107 and 1¢
¥y at an excitation wavelength of 497 nm and an emission wavelength of 520 nm by an
1.S55 Lununescence Spectrometer (PerkinElmer). The fluorescence was measured
four times for each sample and averaged to obtain a baseline fluorescent measure.

The samples were heated 1o 90°C for 2 minutes and then cooled {0 room
temperature. Fluorescence itensity was measured at an excitation wavelength of 497
nm and an emission wavelength of 520 nm o obtain a fluorescent intensity H
measuremant. The fluorescence was measured four times for each sample and
averaged to obtain a Fluorescent intensity 11 measuremeant.

A delta fluorescence intensity was calculated by subtracting the baseling
fluorescent signal from the Fluorescent intensity T stenal,

Concentrations of the total Psendomaonas aeruginosa cells were obtained for

G

~f

2

each sample (cell-free blank, 107, 107 and 107) using a standard plate count
method.

Regression analvsis was performed hetween the log value of the delia
fluorescence mitensity (RLU) and the log value of the plate count (cfu/mi) to oblain a
calibration curve as shown in Figure 6. The regression equation 1 y = -
LOI8S+0.7381 x (R-Sq = 98.97 %).

Pseudomaonas aeruginosa hiofilm cells were grown over night ona 316
stainless steel tubing inner surface by providing a recycling Now of liquid growth
media, 30% TSB media with 1% bacteria inocalum (over-night culture) through the
tubing in a recveling cirowt with a 133 mi/min flow rate.

A segment of the 316 stainless steel tube was removed from the flow system

after a desired tme interval. The biofilm build-up was distodged by immersing the
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316 stainless steel tube segment in 10 mi of 0.83% saline buffer and vortexed for 2
mingtes at maximem speed,

Several aliquots of 180ul of the vortexed sample were nuxed with 20ul of
10X SYBR® Green | dyve. Fluorescence intensily was measured for each sample af an
exctlation wavelength of 497 nm and an emission wavelength of 320 nm. The
fuorescence was measured four times for each sample and averaged to obtam a
baseline fluorescent measurement.

The samples were heated (o 90°C for 2 minutes and then cooled {0 room
temperature. Fluorescence intensity was measured {or cach of the samples at an
excitation wavelength of 497 mm and an enussion wavelength of 520 nm. The
fluorescence was measured four times for each sample and averaged 1o obtain a
fluorescent intensity 1 measurement.

A delta fluorescence intensity was calcutated by subtracting the fluorescent
baseline signal from the fuorescent intensity 1 signal. The log value of the della
fuorescent intensity measurements (RLL) were plotted along the calibration curve in
Figure 6 as Sample 3 data points. The fog value of the delta fluorescent intensity
measurements for each of the samples can be equated with a cell concentration
{cfu/mi) from the calibration curve in Figure 6.

From Figure 6, it is can be seen that all the data points from the Pseudomonas
aernginosa bofilm cells (Sample 3) aligned well with the calibsation curve obtained
from the plankionic Pseudomonas aeruginosa cells suspension, which indicate thig
assav 1s suitable for biofilm quantification after dispersing the biofitm from the solid
surface.

Referring novw to Figare 7, a svystem for monitoning the total bacterial content
in the aqueous medium of a water system according to the methods set forth above is
lustrated and referred to generally by reference number 100, The embodiment
shown in Figaure 7 dlustrates a conventionat open recirewiating cooling tower water
svstem 102 baving an aquecus medium flowing through a circulating foop 104, Flow
ol the agueous meduuwm through the circulating loop 104 may be assisted by a
circulating pump 106 as is known i the art. Valves 108 pernut feading aqueous
medium from the circulating loop 104 to the total bacterial momioring svstem 1)
The total bactenial monttonng svstem 100 works as an on-line analvzer to monitor
bacteria concentration in the aqueous medium of the water system 102, One skilled in

the art will understand that the total bacterial moniloning syslem 100 niay be used to
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provide for rapid detection of total viable bactena through the measurement of total
bacteria in any municipal or industrial water or process systemn 102, Accordingly,
further details of the water svstem 102 need not be given herein,

The agqueous medium entering the total bacterial monttoring system 136 first
passes through a fitter modale 116, Desirably, the filter module 1310 includes a filter
112 having a pore size of between about § and about 50 microns such that larger
impurities are removed from the agueous medium, but the bacteral content passes
through n the filtrate. In one embodiment, the filter modale 11015 a Sip/flop type
filter svstem such as the one disclosed m commonly assigned U.S. Patent Application
No. 12/193.198 filed August 18, 2008 entitled “In-Line Filtration Systems™, with a
filter pore size of 10 microns. However. the filter module 110 may include other
filtening favouts without departing from the scope of the invention.

The total bacterial momitonng svstem 100 includes a contrel module 120, a
sample preparation module 130, a cell lysing module 140, and a detection module
1530, The contrel module 120 contains a progranunable logic controtler 122 or similay
device and an electromes unii 124 used to control the function of the other modules
136, 140, 150, and additionally calculaies the total bacteria concentration as will be
described below.

The sample preparation module 130 15 compnised of a level-switch sample cup
132 and a scolencid valve 133 used to control the flow of the filiered aqueous medium
into the sample cup 132, In one embodiment, the level-switch sample cop 13218
comprised ol a pair ol fead wires. When the sample cup 132 is full, or at a designated
high level, he two wires are electronically connecied, which triggers the shutoff of
the solenoid valve 133, When the sample cup 132 is empty. or at a designated Jow
level, the two wires are disconnected, which triggers the opening of the solenoid valve
133. The dead band between these two states is desirably about 1.5 mi. The sample
preparation modale 130 Jets down the pressure of the agueous mediemn [rom header
pressure in the arculating loop 104 to atmospheric pressure. Destrably, the sample
cup 132 1s open to the atmosphere so as to allow any air bubbles in the aqueous
medium to escape from the sample through vent 134, As one skilled in the art would
understand, air bubbles in the aqueous medium would cause unwanted spikes from
optical measuremient devices used in the detection modude 130,

A sample pump 133, such as a micro positive-displacement pump, draws

aqueous mediem from the sample cup 132. By lowering the pressure, the sample
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pump 135 is protected, as the sample pump may be rated for only about § psig. The
feed rate of the aqueous medium through the sample preparation modude 130 is
controlied using the sample pump 135, The progranumable logic controller 122 sets
the stroke frequency of the sample pump 133 10 accurately conirol the flow rate.

Flow rates of the aqueous medivm are desirably between about 100 ul. and about 230
ul., and more desirably between about 150 ol and about 200 vl.. in one embodiment,
the sample pump 137 is a maodet 1308P-82 made by Beion Meadical Technology Co.
However, any known pump capable of accurately pemping small volames of aqueous
medium may be used.

In the illustrated embodiment, the fluorachrome reagent and the buffer are
premuixed and added together lo the aguecus medium from a reagent supply 136,
Alternatedy, one skifled in the art will understand that the buffer may be added before
ot after the fluorochrome is added to the agqueous mediom. The reagent supply 136
feads the fluorochrome and buffer by means of a reagent feed pump 137, The reagent
feed pump 137 also is desirably a micro positive-disptacement pump and the
programmable logic controlier 122 sets 1ts stroke frequency to accuwrately control the
flow rate. Desirably, the reagent feed pamp 137 adds the fluorochrome tn an amount
of from about 0.5 mg to ahout 100 mg Ruorochrome per liter of aqueous medium.
The buffer is added to the agueous medium to maintain the pH of the agueous
mediam from about 2 to about 10, In one embodiment, the reagent pump is a model
1208P-82 made by Beion Medical Technology Co.

The aquecus medium pumped by the sample pump 135 and the reagent
puraped by the reagent feed pump 137 are combined using a mixing tee 138, broadly
amixing device. that provides a tasbulent Sow path to encourage mixing of the
aqueous medium and the fluorochrome reagent and buffer. Other mixing devices,
such as mixing crosses or impellers, may also be used without departing from the
scope of the Invention.

In the illustrated embodiment. the lysing module 140 accomplishes cell Ivsing
by heating the agueous medium.  Agueous mediwm the sample preparation module
130 13 either directed to the fysing module 140 or directed straight to the detection
module 130, thus bypassing the lysing module 140, using a thres-way valve 141
controlted by the control module 120 In one embodiment. the Ivaing module 140
includes a temperature control unit 42 that raises and towers the temperature of the

aqueous mediom in order to lvse the cells and release the intracetiular content of the
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microbtological matier. The temperatare control module 142 includes a heating
device 144, such as a semuconductor plate or other known beating elements, to heat
the agueous medium. A fan or other radiator 146 is used to promote rapid cooling of
the sample after the cells have been lysed. A thermocouple 148 measures the
temperature of the aguecas medium during (he heating and coeling periods. The
control module 120 controls and supplies power (o the temperature control unit 142 {o
heat the sample to a desired temperature to vse the cells, and then cool down the
sample until it reaches a desived tevaperatuse using & predefined control program.
Desirably, the temperature conirol wut 142 heats the aqueous medivm to a
temperature of between about 40°C and about 100°C, and more desirably between
about 40°C and about 60°C. The lemperature control unit 142 desirably heats the
agueous medium to the desired temperature i a time from about 1 munute 10 about |
bour, and more desirably between about 1 minute and about 3 punuies, 1 order to
Ivse the cells. One skitled in the art will understand that the temperature control unit
142 may counlain other known means to heat and cool the aqueous medium as desired.
Additonally, as set forth above, the lysing modute 140 may use other known lysing
methods, such as mechanical, chenical, physical, electrical. ultrasonic or microwave
methods, 1o lyse the cells without departing from the scope of the mvention.

The aqueons medium contamning the tvsed biological content is then directed
to the detection module 150 through three-way valve 149, The detection module 150
includes an optical measurement wnt 132, The use of more than one optical
measurement unit may strengthen the accuracy of measurement. The optical
measurement wul $32 mncludes a stlicon glass Bow cell 134 and a single-wavelength
fluorometer 156, The silicon glass How cell 154 has an mlet flow tbe 158 and an
outlet flow tube 159 mounted at the bottom and the top of the flow cell, respectively.
As best seen in the schematic embodiment illustrated in FIG. 8, the fluoromeler 136
wnctudes at least one pair of light-emitting diodes (LEDs) 160 and photodiode
enussion detectors 162 are configured around a reaction tube 163, Desirably, the
fluorescent signal i1s measured with fluorometer having an excitation wavelength from
about 350 nm to aboutl 600 nm and an emission wavelength from about 430 nm to
about 630 nm. Additionally, the fluorometer 136 includes optical lenses 164 and
fitlers 163 in the seafed optical tube (o control light path and intensity. In one
embodiment, the fluorometer 136 is an LSS3 Luninescence Spectrometer by

PerkinElmer.
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In ong embodiment comprising three paiss of photo optical components, three
LEDs and three photodiodes are mstalled in six radial channels perpendicular to the
center through hole, The three LEDs generate incident light at different wavelengths,
and the three corresponding photadiedes detect the respective transmitlance on the
opposiie sides. The LEDs used include a tsicolor with 467 nm (blug), 330 nm (green),
and 634 nm (ved) lights, an orange LED with 610 nm maximum and light green LED
with 386 am maxinunn emussion. This configuration simplifies the design and
maintenance of the optical components. The three pairs of photo optical components
provide the ability to measure three functions at a time. There is no maxinuam bumber
of pairs of photo optical components that may be included; however, the number will
be affecied by size limilations based on the intended use of the monitoring system.

The effluent from the optical measurement unit 132, comprising the nuxed
sample water and reagents, exits the detector module 130 and connects to a dram or a
collection drum, depending on each plant's permitting requirements. Since the
effluent is a non-hazardous wastewater, il 13 commenly discharged o a gravity drain.

The countrol module 1201s programmed such that fluorescent signals of the
agueous medium are measured by the detection module 150 before and after the
intraceltular content of the microbiclogical matter bas been extracted and released
into the aqueous medium n the tvsing module 140 to provide a baseline fluorescent
signal and a second fluorescent signal, respectively. These fluorescent signals are
measured by the detection module 150 and stored in the programmable logic
controlier 122, The baseline Nuorescent signal is subtracted from the second
fluorescent signal {0 obtain a net fluorescent signal that is a result of the
microbiofogical content of the tvsed cells. A calibration curve 1s used to obiain the
total microbiclogical content as described above. As explamned above, the calibration
curve is prepared by measuring tluorescent signals for known concentrations of
microbiofogical malter i aqueous mecha with the fluorochrome, determining the net
fluorescent signal for each concentration, plotiing the concentration amounts versus
log values of the net fluorescent signals on a graph and performing regression analysis
to obtain the calibration curve. With above features, the system can monmtor (otal

bacteria in an on-line manner.

While typical embodiments have been set forth for the purpose of lustration,

the foregoing descriptions should not be deemed to be a limitation on the scope
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herein. Accordingly, vanous modifications, adaptations and altematives may oceur (o

one skilled m the art without depanting from the spint and scope herein.
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CLAIMS

1. A process for measuring total microbiological content m an aqueons medium
comprising adding a Ruorescent dye to the aqueous medium, measuring the
fluorescent signal in the aqueous medium to oblain a baseline fluorescent signal,
releasing intracethdar content of the microbiclogical matler into the aqueous mediim
by lysing the nucrobiological matter, measoring the fluorescent signal in the aqueous
mediwm with the refeased intracel{utar content of the microbiological matter to obtain
a second fluorescent signal, subtracting the baseline signal from the second
fluorescent signal to obtain a net fluorescent signal and equating the net fluorescent

signal with a microhiological content,

2. The method of Claim 1 wherein the aqueous madia comprises water, a saline

solutton or a phosphate bufter sotution

3. The methed of Claim 1 that wherein the fluorescent dve is a fluorochrome.
4. The method of Claim 3 wherein the fluorochrome comprises acndine orange,

athidiun bronude, Hoechst 33238, Hoechst 33342, propidium iodide, 47,6-diamidino-

2-phenvlindole or a cvanine dve.

5 The method of Claim 1 wheremn the fluorescent dve is present in an amount of

from about 1.3 mg to about 100 mg fluorescent dye per liter of agueous medium.

6. The method of Clavm 3 wherein the pH of the aqueous medium 1s maintained

from about 2 1o about 10,

7. The method of claim 6, wherein a buffer 1s added to the aqueous medium to

maintain the pH.

8 The method of claim 7 wherein the buffer is selected from the group
consisting of phosphate buffered saline, borate buffer,
tristhy droxymethy Daminomethane, ethylenediaminetetraacetic acid, N-2-

hvdroxyethyipiperazine-N'-2-ethanesulfonic acid and mixtures thereof.
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Q. The method of claam 1 wheremn the fluosrescent signal 1s measuared with a
fluorescent spectrometer at an excitabion wavelength from about 350 nmm to about 600

mm and an emission wavelength from about 430 nm to about 650 nm.

16, The method of Claim 1 wherein the microbiotogical maltes 1 chenucally lvsed

with a lysing reagent {o release intracellolar matersal.

11, The method of Claim 10 wherein (he yaicrobiological matter 1s tyvsed with a

lvsing reagent comprising detergents, enzymes, extraction solvents or lvsis bulTers.

12.  The method of Claim 10 wherein the lysing reagent is added in an amount of
from about I mg o about 10,000 mg per liter of agueous medium.
13 The method of Clatm 1 wherein the mucrobiological matter is physically,

mechanically or electrically lvsed to release intracellular matersal.

14, The method of Claim 13 wherain the aqueous medium is heated to a
temperature from about $0°C to about 1007C from about 1 minute (o about 1 hour to

lyse the cells of the microbiological matter.

15, The method of Claim 1 wherein the net [luorescent signal is equated wath a

microbial concentration from a calibration curve.

16, The method of Cltaim 13 wherein the cahibration carve is prepared by
measenng fTuorescent signals for known concentrations of mucrobiological matter in
aqueous media with the fluorescent dve, determining the net fluorescent signal for
each concentration, piotting the concentration amounts versus log values of the net
fluorescent signals on a graph and performing regression anatysis to obtain the

caltbration curve,

17. The method of Claim 26 wherein the known concentrations of microbiofogical

maiter are determined by plate count method.

18, The method of claim 1 further comprising adjusting the net Juorescent signal

with a background signal.
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19 The method of Claim 18 wherein the yethod further comprises adjusting the
net fluorescent signat with a background signal, said method further comprising
obtaining an additional aqueous niedium portion for a background aqueous medium
portion, treating the background aqueous mediam portion to remove microbiological
matter, adding a fluorescent dye to the treated background aqueous medium portion,
measurning a fluorescent signal in the treated background aqueous mediun: portion to
obtain a background baseline Buorcscent signal, simalating the lysing procedure in
the background aqueous medium portion, measuring the fluorescent signal 1o the
simulated background agueous mediwm portion to obtain a second background
fluorescent signal, subtracting the background baseline fluorescent signal from the
second background fluorescent signal to obtain a net background signal, adjusting the
net [Tuorescent signal with the net background sigoal and equating the adjusted et

fluorescent signal with a microbiological content,

20. The method of clam 19 wherein the background aqueous mediam postion s

treated physically or chemically.

21, The method of claim 28 wherein the background aqueous medium portion is
treated by heating the background aqueous medium at a temperature from about 40°C

to about 100™C for about § minute to about { howr.

22, The method of claum 20 further comprising adding a biocide to (he
background aqueous medium.

23. A process For measuring total microbiclogical content i an aqueons medium
includes adding a fluorescent dve to an aqueous mediam portion, obtaining an
additional agueous medium portion for a background agueous medium portion,
treating the background agueous medium portion to remove microbiotogical matter.
adding a fluorescent dye to the treated background aqueous medium portion,
measening a fluorescent signal in the agueous medium portion to obtain a baseline
fluorescent signal, measunng a fluorescent signal in the (reated background agqueous
medium portion to obtain a background basehne fuorescent signal, releasing
intraceltular content of the microbiclogical matter into the agueous medium portion

by {vsing the microbiological matter, simulating the lysing procedure in the
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background agueous medium portion, measuring the fuorescent signal in the aqueous
medium with the released microbtological intracellular content (o obtain a second
fluorescent signal. measuring the fluorescent signal in the simulated hackground
agueous medium portion to obtain a second background fluorescent signal,
subtracting the baseline signal from the second fluorescent signal to oblain a nal
fluorescent signal, subtracting the background baseline fuorescent signal from the
second background fluorescent signal {0 obtain a net background signal, adjusting the
net fluosescent signat with the net background signal and equating the adjosted net

fluorescent signal with a microbiological content.

24, The method of claim 1 wheremn the microbial content comprises the content of
brofiim and wherein the method further compnses dislodging and dispersing biofiim
in the agueous mediom.

25 The method of claim 24 wherein the hiofilm is dislodged physically by

agitating or vortexing the agueous medium.

26, The method of claim 24 wherein the bioliim is dislodged mechanically by

using & sonication probe vibrating i the aqueous media.

27.  The method of claim 24 wherain biofilm is dislodged from a sarface when

exposed Lo an electrical field.

28. The method of claim 24 wherein the biofitm is dislodged chemuceally by using

a surfactant, biodispersant or a mixture thereof.

29, The method of claim 24 further comprising cafculating the amount of

microbiofogy per surface unit area to which the biofilm way attached.

30, The method of claim 24 further conprising adjusting the net fluorescent signal

with a background luorescent signal.

31, A method for measuring broflilnt content in an aqueous medium ncludes
dispersing biofilm mto the aqueous medium, adding a fluorescent dye to the agueous

medium, measuring the fluorescent signal in the agueous mediwm to obtain a baseline
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fluorescent signal, releasing intracelhdar content of the microbiclogical matler into
the aqueous medivm, measuring the Juorescent signal in the aqueous medium with
the released miracellular content of the microbiological matter to obtain a second
fluorescent signal, subtracting the baseline fluorescent signal from the second
fluorescent signal to obtain a net flaorescent signal and equating the net fluorescent

signal with a microbiological content.

32 A svstem Lor measwing total microbiological content in an aqueous medium
COMPrising:

a sample preparation module configurad to add a fluorescent dve to the
agueous meadiun;

a tvsing module for releasing mtracellular content of nucrobiological matter
into the agueous medium,

a detection module having an optical measurement wnt that measures the
fluorescent signal in a sample of the aqueous medium that bypasses the lvsing module
to obtain a baseline fluorescent signal, and that also measures the fluorescent signaf in
a sample of the aqueouns medium that passes through the lysing moduele with the
released intracettular content of the nucrobiological matter to obtain a second
fluorescent signal; and

a control moduie that subtracts the baseline signal from the second fuorascent
signal 1o obtain anet fluorescent signal and equates said net fluorescent signal with a

microbiological content of the aqueous medium.

33, The system of claim 32 that wherein the flaorescent dve 1s a flucrochrome
added to the aqueous medium using a reagent addition pump and nuxed with a nuxing

device.

34, The sysiem of claim 32 wherein the detection module compnses a fluorometer
comprising at feast one pair of hight-emitting diodes (LEDs) and photodiode emission
detectors conligurad around a reaction tube having an excitation wavelength from
about 3530 nm to aboul 600 nm and an enussion wavelength from about 430 nm 1o

abowt 630 nm.



WO 2010/062472 PCT/US2009/059239

225863-1

35, Thesvstem of ¢laim 32 wherein the lvsing modude comprises a temperature

control unit that raises the temperature of the agquecns medium.

36, The system of claim 35 wherein the temperature control unit raises the
ternperature of the aguecas medinen to a temperature between about 40°C and about

100°C to hyse the cells

37, The svstem of claim 32 wherein the control module equates the net fluorescent

signal with the microbial concentration using a calibration eurve

38 A system for measuring total microbiological content in an aqueocus medium
COMprising;

a sample preparation module configured to add a flaorescent dve to the
aguaous medium;

means for measuring the fluorescent signal in the agueous medium o obtain a
baseline fluorescent signal.

means for refeasing intraceliular content of the microbiological matter into the
aqueous medium by lysing the nucrobiological matter;

means for measurning the fluorescent signal in the aqueous medium with the
released intracelhdar content of the microbiclogical matter to obtain a second
fluorescent signal; and

a control module that subtracts the baseline signal from the second fluorescent
signal to obiamn a net Auorescent signal and equates sad net fuorescent signal with a

microbiofogical content of the agueous medium

39, The system of claim 38 that wherein the fluorescent dve is a fluorochrome
added to the aqueous mediam asing a reagent addition pump and mixed with a mixing

device.

40, The system of claim 38 wherein the means for measusing the fluorescent
signat compnses a fuorometer having at least one pair of Hight-emitting diodes
(LEDs) and photodiode emission detectors confipured around a reaction tube having
an excitation wavelength from about 350 mm to about 600 mm and an enssion

wavelength from about 430 nn to about 630 nm,
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41, The system of claim 38 wherein the means for lvsing the microbiological
matter is a tenperature control unit that raises the temperature of the agueous

medium.

42 The svstem of claim 41 wherein the temperature control unit raises the
temperature of the aqueous medium 1o a temperature between about 40°C and about

1007C to fyse the calls.

43, The system of claim 38 wherein the control module equates the net fluorescent

signal with the microbial concentration using a calibration curve.

444 A svstem for measunng total microbiological content in an aqueous medsum
comprising:

a sample preparation module configured to add a fluorescent dve to the
agueous medim;

a tysing module temperatare control unit that fvses the cells of the
microbiological matter by heating the aqueous medium to a temperatwre from about
4°C to about 140°C to release intraceltular content of the microbiological matter into
the aqueous medium;

a detection modute having fluorometer that measures a fluorescent signat in
the aqueous medium to obtain a basehne fluorescent signal and that measures a
fluorescent signal i the aqueous medium wath the released mtracelhutar content of the
microbiojogical matter 1o obtain a second fuovescent signal, wherem the fluorometer
comprises at least one pair of light-emitting diodes (L.EDs) and photodiode enussion
detectors configured around a reaction tube having an excitation wavelength from
about 350 nm (o about 600 nm and an emission wavelength from aboul 430 nm to
about 630 nm; and
a controt module that subtracts the baseline signal fron the second fluorescent signal
to obtain a net {lyorescent signal and equates said net fluorescent signal with a

nmucrobiologieat content of the agueous medium.
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