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VIABILITY STAINING METHOD

FIELD OF THE INVENTION

[0002] This invention relates generally to a system and method of detecting viable cells in a
cell sample, and in particular relates to a system and method of detecting viable cells in a cell
sample using a membrane permeable fluorescent label that permeates both viable and non-

S viable cells and a membrane impermeant quencher that selectively permeates non-viable cells.
BACKGROUND

[0003]  Microbial contamination by, for example, Gram positive bacteria, Gram negative
bacteria, and fungi, for example, yeasts and molds, may cause severe illness and, in some cases,
even death in human and animal subjects. Manufacturers in certain industries, for example,
food, water, cosmetic, pharmaceutical, and medical device industries, must meet exacting

10 standards to verify that their products do not contain levels of microbial contaminants that
would otherwise compromise the health of a consumer or recipient. These industries require
frequent, accurate, and sensitive testing for the presence of microbial contaminants to meet
certain standards, for example, standards imposed by the United States Food and Drug

Administration or the United States Environmental Protection Agency.

15 [0004] Depending upon the situation, the ability to distinguish between viable and non-
viable cells can also be important. For example, during the manufacture of pharmaceuticals
and biologics, it is important that the water used in the manufacturing process is sterile and free
of contaminants. Furthermore, it is important that water contained in medicines (for example,
liquid pharmaceutical and biological dosage forms, for example, injectable dosage forms) and

20 liquids (for example, saline) that are administered to a subject, for example, via non-parenteral
routes, is also sterile and free of contaminants. On the other hand, the presence of some viable

microorganisms in drinking water may be acceptable up to a point. In order to be potable,
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drinking water must meet exacting standards. Even though microorganisms may be present in
the water supply the water may still be acceptable for human consumption. However, once the
cell count exceeds a threshold level, the water may no longer be considered safe for human
consumption. Furthermore, the presence of certain predetermined levels of microorganisms in
certain food products (for example, fresh produce) and drinks (for example, milk) may be
acceptable. However, once those levels have been exceeded, the food or drink may be

considered to have spoiled and no longer be appropriate and/or safe of human consumption.

[0005]  Traditional cell culture methods for assessing the presence of microbial
contamination and/or the extent of microbial contamination can take several days to perform,
which can depend upon the organisms that arc being tested for. During this period, the
products in question (for example, the food, drink, or medical products) may be quarantined
until the results arc available and the product can be relcased. As a result, there is a need for
systems and methods for rapidly detecting (for example, within hours or less) the presence
and/or amount of microbial contaminants, in particular, viable microbial contaminants, in a

sample.
SUMMARY

[0006] The invention is based, in part, upon the discovery of a staining method that can be
used to selectively label viable cells (for example, prokaryotic cells or eukaryotic cells) in a cell
containing sample. The staining method can be used in combination with a cell capture system
and/or an optical detection system for detecting the presence of viable cells in a cell sample.
Alternatively, the staining procedure can be used to stain viable cells disposed within a liquid
and/or upon a solid support, for example, upon a microscope slide or in a culture dish,
microtiter plate or cuvette. Furthermore, the staining procedure can be used to fluorescently
label cells in solution (for example, prior to flow cytometry). The staining protocol can be used
in a method to measure the bioburden (for example, to measure the number and/or percentage
and/or fraction of viable cells (for example, viable microorganisms, for example, bacteria,

yeast, and fungi) in a sample) of a particular sample of interest.

[0007] In one aspect, the invention provides a method of detecting viable cells in a cell
sample. The method comprises exposing cells in the cell sample to (i) a membrane permeable
fluorescent dye under conditions that permit the fluorescent dye to permeate both viable and
non-viable cells, and (ii) a membrane impermeable fluorescence quencher capable of
quenching fluorescence produced by the fluorescent dye under conditions to permit the

quencher to sclectively permeate non-viable cells rather than viable cells. For example, the
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quencher selectively permeates non-viable cells but not viable cells. Thereafter, the method
comprises exposing the cells to light, for example, a beam of light, having a wavelength
capable of exciting the fluorescent dye to produce a fluorescent emission, and detecting the
fluorescent emission, if any, from the cells using a detector, thereby to detect the viable cells in
the cell sample. Under the detection conditions chosen, the fluorescent dye within the non-
viable cells emits substantially less fluorescence than the fluorescent dye within the viable

cells. As aresult, the non-viable cells emit substantially less fluorescence than the viable cells.

[0008]  Under certain circumstances, for example, when the quencher is capable of creating
fluorescent emissions, the wavelength of the excitation light can be selected so as not to
photoexcite, or not substantially photoexcite, the quencher. Alternatively, the detector or
detectors can be chosen and/or configured so as to preferentially detect the emission events

from the dye rather than the emission events from the quencher.

[0009] In another aspect, the invention provides a method of detecting viable cells in a cell
sample. The method comprises exposing cells in the cell sample to (1) a membrane permeable
fluorescent dye under conditions that permit the fluorescent dye to permeate both viable and
non-viable cells, and (ii) a membrane impermeable fluorescence quencher capable of
quenching fluorescence produced by the fluorescent dye under conditions to permit the
quencher to sclectively permeate non-viable cells but not viable cells. Thereafter, the cells are
exposed to light having a wavelength capable of exciting the fluorescent dye to produce a
fluorescent emission. The fluorescent emission, if any, from the cells is detected with a
detector configured to preferentially detect a detectable emission from the fluorescent dye
rather than a detectable emission from the quencher so that the detectable emission from the
quencher, if created, is no greater than 50 % (c.g., no greater than 40 %, no greater than 30 %,
no greater than 20 %, no greater than 10 %) of the detectable emission from the fluorescent
dye. Under the detection conditions employed, the non-viable cells emit substantially less
fluorescence detected by the detector than the viable cells. As a result, the method can be used

to detect the viable cells in the cell sample.

[0010] In certain embodiments, the non-viable cells emit no or substantially no fluorescence
detectable by the detector upon exposure to the light. In certain embodiments, the non-viable
cells emit no or substantially no fluorescence upon exposure to the light used to excite the

fluorescent dye.

[0011] In each of the foregoing aspects and embodiments, depending upon the cells being

detected and desired sensitivity, it is possible to expose the cells to a plurality of different
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fluorescent dyes and/or a plurality of different fluorescence quenchers. Furthermore,
depending upon the dyes and quenchers to the used, and the cells to be detected, the cells can
be exposed to the fluorescent dye and then exposed to fluorescence quencher. Alternatively,
the cells can be exposed to the fluorescent dye and the fluorescence quencher at the same time.
In certain methods, it may be desirable to reduce any background fluorescence by washing the
cells prior to illumination with the light used to excite the fluorescent dye. In other methods, a
subsequent washing step is not necessary and the washing step, if employed, may remove the

fluorescent dye from the viable cells via diffusion out of the cells.

[0012]  The detection method can be performed on single cells, clusters of cells or colonics
of cells. Under certain circumstances, for example, to increase the sensitivity of the assay, it
may be desirable to culture the cells under conditions that permit cell proliferation prior to
and/or during and/or after exposing the cells to the fluorescent dye and the fluorescence
quencher. The culture conditions, including, the choice of the growth media, the temperature,
the duration of the culture, can be selected to permit at least one of cells in the sample to have

one or more cell divisions.

[0013] In each of the foregoing aspects and embodiments, the fluorescent dye and/or the
fluorescence quencher, bind to a cellular component or organelle within the cell, for example, a
nucleic acid. In other embodiments, the fluorescent dye and the fluorescence quencher bind to

one another in the cell.

[0014] In each of the foregoing aspects and embodiments, the beam of light used to excite
the fluorescent dye or fluorescent dyes has a wavelength in the range of from about to 350 nm
to about 1000 nm, from about 350 nm to about 900 nm, from about 350 nm to about 800 nm,
from about 350 nm to about 700 nm, or from about 350 nm to about 600 nm. For example, the
wavelength of excitation light is at Ieast in one range from about 350 nm to about 500 nm, from
about 350 nm to about 550 nm, from about 350 nm to about 600 nm, from about 400 nm to
about 550 nm, from about 400 nm to about 600 nm, from about 400 nm to about 650 nm, from
about 450 nm to about 600 nm, from about 450 nm to about 650 nm, from about 450 nm to
about 700 nm, from about 500 nm to about 650 nm, from about 500 nm to about 700 nm, from
about 500 nm to about 750 nm, from about 550 nm to about 700 nm, from about 550 nm to
about 750 nm, from about 550 nm to about 800 nm, from about 600 nm to about 750 nm, from
about 600 nm to about 800 nm, from about 600 nm to about 850 nm, from about 650 nm to
about 800 nm, from about 650 nm to about 850 nm, from about 650 nm to about 900 nm, from

about 700 nm to about 850 nm, from about 700 nm to about 900 nm, from about 700 nm to
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about 950 nm, from about 750 to about 900 nm, from about 750 to about 950 nm or from about
750 to about 1000 nm. Certain ranges include from about 350 nm to about 600 nm and from

out 600 nm to about 750 nm.

[0015] Depending upon the fluorescent label or labels employed, the optical detector can
detect emitted light in a range of from about 350 nm to about 1000 nm, from about 350 nm to
about 900 nm, from about 350 nm to about 800 nm, from about 350 nm to about 700 nm, or
from about 350 nm to about 600 nm. For cxample, the fluorcscent emission can be detected
within a range from about 350 nm to 550 nm, from about 450 nm to about 650 nm, from about
550 nm to about 750 nm, from about 650 nm to about 850 nm, or from about 750 nm to about
950 nm, from about 350 nm to about 450nm, from about 450 nm to about 550 nm, from about
550 nm to about 650 nm, from about 650 nm to about 750 nm, from about 750 nm to about 850
nm, from about 8§50 nm to about 950 nm, from about 350 nm to about 400nm, from about 400
nm to about 450 nm, from about 450 nm to about 500 nm, from about 500 nm to about 550 nm,
from about 550 nm to about 600 nm, from about 600 nm to about 650 nm, from about 650 nm
to 700 nm, from about 700 nm to about 750 nm, from about 750 nm to about 800 nm, from
about 800 nm to about 850 nm, from about 850 nm to about 900 nm, from about 900 nm to
about 950 nm, or from about 950 nm to about 1000 nm. In certain embodiments, the emitted
light is detected in the range from about 660 nm to about 690 nm, from about 690 nm to about

720 nm, and/or from about 720 nm to about 850 nm.

[0016] In cach of the foregoing aspects and embodiments, the cells are captured on a porous
membrane, for example, a porous membrane of a cell capture system described herein. The
porous membrane can be substantially non-autofluorescent when exposed to light having a
wavelength in the range from about 350 nm to about 1000 nm. In certain other embodiments,
the cells are disposed upon a solid support, for example, a microscope slide. In certain other
embodiments, the cells are disposed within a liquid sample, which can present in an optical

cell, for example, a flow cell or a capillary tube.

[0017] In cach of the foregoing aspects and embodiments, the method can further comprise
exposing the cells to a second, different membrane permeable fluorescent dye that labels viable

cells, non-viable cells or a combination of viable and non-viable cells.

[0018] In addition, in each of the foregoing aspects and embodiments, it is possible to
include a positive control for the detection system. As a result, the method can further
comprise combining the cells in the sample or the fluid containing the cells with a plurality of
particles, for example, fluorescent particles, that emit a fluorescent signal upon activation by a
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beam of light having a wavelength in the range of from about 350 nm to about 1000 nm, for
example, of the wavelength ranges discussed above in connection with the excitation light for
the fluorescent dye or dyes. Thereafter, a fluorescent signal produced by one or more of the
fluorescent particles can be detected at the same time any viable cells are being detected by the

detection system.

[0019]  Using the staining protocol described herein, it is possible to determine the number
of viable cells in at Icast a portion of the cell sample, for example, a liquid sample. The liquid
sample can be, for example, a water sample, a comestible fluid (for example, wine, beer, milk,
baby formula or the like), a body fluid (for example, blood, lymph, urine, cerebrospinal fluid or
the like), growth media, a liquid sample produced by harvesting cells from a source of interest
(for example, via a swab) and then dispersing and/or suspending the harvested cells, if any, a

liquid sample, for example, buffer or growth media.

[0020] Depending upon the sensitivity required, the cells, once they have been captured on
the membrane described herein can be exposed to the viability staining system in the presence
of microbial growth media, and/or spore germination initiators. Thereafter, the cells can be
grown for 15 minutes to several hours, for example, from 15 minutes to 8 hours, or 30 minutes
to 4 hours (which will depend upon the doubling times of the organisms of interest) to permit
the organisms to proliferate in situ before the detection step is performed. Under these
conditions, the cells have more time to be exposed to and labeled with the viability staining

system described herein.

[0021]  Furthermore, after the detection step, the viable cells (for example, when disposed on
the capture membrane) can be cultured under conditions that permit the growth and/or
proliferation of the viable cells. Thereafter, genus and/or species of the viable cells can be
determined by standard procedures, for example, microbiological staining and visualization
procedures, or molecular biology procedures, for example, amplification procedures including
polymerase chain reaction, ligase chain reaction, rolling circle replication, and the like, and

nucleic acid sequencing.
BRIEF DESCRIPTION OF THE DRAWINGS

[0022]  In the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, emphasis

instead generally being placed upon illustrating the principles of the invention. In the
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following description, various embodiments of the present invention are described with

reference to the following drawings, in which:

[0023] FIG. 1A is a schematic representation of an exemplary detection system that can be

used to determine the presence and/or amount of viable cells in a cell sample;

[0024]  FIG. 1B is a schematic perspective view of an exemplary detection system with a

door in a closed position;

[0025]  FIG. 1C is a schematic perspective view of the exemplary detection system of FIG.

1B with the door in an open position;

[0026] FIG. 1D is a schematic perspective view of the exemplary detection system of FIG.

1B with a touchscreen in a raised position;

[0027]  FIG. 2A is a schematic top view of an exemplary membrane assembly;

[0028]  FIG. 2B is a schematic, exploded side view of the membranc asscmbly of FIG. 2A.
[0029]  FIGS. 3A and 3B arc schematic representations of exemplary membrane assemblics;

[0030] FIG. 4A is a schematic, exploded perspective view of an exemplary membrane

assembly having a permeable membrane and a fluid permeable support member;

[0031]  FIG. 4B is a schematic side view of the exemplary permeable membrane assembly
of FIG. 4A,;

[0032] FIG. 5A is a schematic perspective view of an exemplary cell capture cup and a

corresponding base;

[0033] FIG. 5B is a schematic partial cut-away view of the cup and base of FIG. SA

showing a membrane assembly;

[0034]  FIG. 5C is a schematic perspective view of the cup, base, and membrane assembly

of FIG. 5B in an unassembled state;
[0035]  FIG. 5D is a schematic perspective view of the base of FIG. 5A;

[0036] FIG. 5E is a schematic partial cross-sectional view of the cup and base of FIG. 5B

with a different membrane holder assembly and posts from a separate holder;
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[0037] FIGS. 6A-6D are schematic perspective, side, top, and bottom views, respectively,

of a cup assembly having a lid, a cup, a membrane, and a base;
[0038] FIG. 6E is a schematic bottom perspective view of the lid of FIG. 6A;
[0039] FIG. 6F is a schematic side view of the lid of FIG. 6A;

[0040]  FIGS. 7A-7D are schematic perspective, side, top and bottom views, respectively, of

a cup member shown in the cup assembly of FIG. 6A;

[0041]  FIGS. 8A-8D are schematic perspective, top, bottom, and side views, respectively,
of the base of the cup assembly of FIG. 6A;

[0042]  FIG. 9A is a schematic perspective view of the base of FIG. 8A showing a partial

cut away view of the membranc and underlying permeable support member;

[0043]  FIGS. 9B-9D arc schematic top, bottom, and sidc views of the base (complete

membrane and underlying permeable support member) of FIG. 9A;
[0044]  FIG. 10A is a schematic cxploded perspective view of the cup assembly of FIG. 6A;

[0045]  FIG. 10B is a schematic cross-scctional view of the cup assembly of FIG. 6A,

without a membrane and a permeable support member;

[0046] FIG. 10C is a schematic cross-sectional view of the base of FIG. 9A with a

membrane, a permeable support member, and a base lid;
[0047]  FIG. 11A depicts a process for capturing cells on a permeable membrane;

[0048]  FIG. 11B depicts a schematic exploded perspective view of a chuck, stage, base,

support member, membrane, and base lid components;

[0049] FIG. 12A is a schematic representation of the spectral overlap between the emission
of an exemplary fluorescent dye (dashed line, in units of fluorescence intensity (I)) and the
absorption spectrum of an exemplary quencher (solid line, in units of absorbance or optical

density (0.D.));

[0050] FIGS. 12B-12C are schematic representations showing a partial overlap between the

emission spectra of an exemplary fluorescent dye and an exemplary quencher demonstrating
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two approaches for selecting a dye-quencher pair for use in the cell viability assays discussed

herein;

[0051] FIG. 13A is a schematic exploded cross-sectional side view of an exemplary

membrane holder for use with the system of FIG. 1A;

[0052]  FIG. 13B is a schematic of a configuration of magnets for use with the membrane

holder (stage) of FIG. 13A;

[0053] FIG. 13C is a schematic exploded perspective view of the membrane holder (stage)
of FIG. 13A with a membrane assembly and chuck;

[0054] FIG. 13D is a schematic perspective view of the membrane holder, membrane

asscmbly, and chuck of FIG. 13C in an asscmblcd configuration;

[0055]  FIGS. 14A-14C arc schematic perspective, top, and bottom views, respectively, of

an exemplary stage;

[0056]  FIGS. 15A-15D arc schematic perspective, top, bottom, and side views,

respectively, of an exemplary chuck;

[0057]  FIG. 16A is a schematic perspective view of an exemplary membrane holder (stage)

for receiving a base;

[0058]  FIG. 16B is a schematic perspective view of an exemplary base for use with the
membrane holder of FIG. 16A;

[0059] FIG. 16C is a schematic perspective view of the exemplary membrane holder of
FIG. 16A and the base of FIG. 16B in an unassembled configuration;

[0060] FIG. 16D is a schematic perspective view of the exemplary membrane holder of
FIG. 16A and the base of FIG. 16B in an assembled configuration showing posts extending

from the membrane holder and passing through operatives defined by the base;

[0061] FIG. 17A is a schematic representation of viable (live) and non-viable (dead) cells
following staining with a membrane permeable fluorescent dye that permeates both viable and
non-viable cells and a membrane impermeable quencher that selectively permeates non-viable

cells;
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[0062] FIG. 17B is a schematic representation of viable (live) and non-viable (dead) cells
following staining with a membrane permeable nucleic acid binding fluorescent dye that
permeates both viable and non-viable cells and a membrane impermeable nucleic acid binding

quencher that selectively permeates non-viable cells;

[0063] FIG. 18 is a schematic representation of a region of a permeable membrane showing
viable and non-viable cells stained with an exemplary viability staining system shown in FIG

17A or 17B;

[0064] FIGS. 19A and 19B arc pictorial representations of viable cells and non-viable cells,

respectively, with positive control beads depicted in cach figure;

[0065]  FIGS. 20A and 20B depict phase contrast and fluorescence images, respectively, for

viable and non-viable cells using an exemplary viability staining system;

[0066] FIGS. 21A and 21B arc phase contrast and fluorescence images, respectively, for

viable and non-viable cells using an exemplary viability staining system;

[0067] FIG. 22 is an image of viable cells (. coli and Candida albicans) captured on a
permeable membrane, stained with an exemplary viability staining system and detected as

fluorescent events on a rotating disc using the detection system shown of FIG. 1A;

[0068] FIGS. 23A-J are phase contrast and fluorescence images of mixed population of
viable and non-viable microorganisms stained with exemplary pairs of nucleic acid binding

fluorescent dyes and a nucleic acid binding fluorescence quenchers; and

[0069] FIGS. 24A-E are phase contrast and fluorescence images of mixed populations of
viable and non-viable microorganisms stained with exemplary pairs of nucleic acid binding
fluorescent dyes and a nucleic acid binding fluorescence quenchers, where the cells were
imaged using an epifluorescent microscope (FIGS. 24 A-D, where phase contrast images are
shown in FIGS. 24A and C, and the corresponding fluorescence images are shown in FIGS. 24

B and D, respectively) or using a detection system shown in FIG. 1A.
DESCRIPTION

[0070] The instant invention is directed to a cell capture system, a method of capturing cells
(including viable cells) in the cell capture system, a method for selectively staining viable cells,
(c.g., viable cells captured in the cell capture system), and to a method for determining the

presence and/or amount of viable cells in a cell sample (e.g., a liquid sample). The cell capture

-10-



10

15

20

25

30

CA 02872149 2014-10-30
WO 2013/166336 PCT/US2013/039347

system and the various methods can be used, either alone or in combination, to determine the
presence and/or amount of viable cells in a cell containing sample and, in particular, can be
used to determine the bioburden (e.g., to measure the number and/or percentage and/or fraction
of viable cells in a sample) of a particular sample of interest. The cell capture system and the
various methods can be used to measure the bioburden of cells in a liquid sample (e.g., a water
sample), a comestible fluid (e.g., wine, beer, milk, baby formula or the like), a body fluid (e.g.,
blood, lymph, urine, cerebrospinal fluid or the like), growth media, a liquid sample produced
by harvesting cells from a source of interest (e.g., via a swab) and then dispersing and/or

suspending the harvested cells, if any, in a liquid (e.g., buffer or growth media).

[0071]  Ttis contemplated that, by using the devices and methods described herein, it will be
possible to determine the presence and/or amount of viable cells in sample within less than
approximately 2 hours, less than approximately 1 hour, or even less than approximately 30
minutes after the cells have been captured on a porous membrane of the cell capture system. It
is contemplated, however, depending upon the desired sensitivity, it is possible to culture the
cells captured on the porous membrane (e.g., for 15 minutes to several hours) to permit cell
proliferation. Nevertheless, by using the devices and methods described herein, even when
including a culturing step, it is possible to determine the presence and/or amount of viable cells

in a sample much faster than other technologies available in the art.

[0072]  Each of the various aspects and certain embodiments of the invention will be

discussed in detail below.

()_CELL CAPTURE SYSTEM

[0073]  The cell capture system described herein can be used with an optical detection
system that detects the presence of viable cells. The results can be used to measure the
bioburden (c.g., to measure the number and/or percentage and/or fraction of viable cells in a
sample) of a particular sample of interest. Exemplary detection systems are described, for
example, in International Patent Application No. PCT/IB2010/054965, filed November 3,
2010, U.S. Patent Application Serial No. 13/034,402, filed February 24, 2011, International
Patent Application No. PCT/IB2010/054966, filed November 3, 2010, U.S. Patent Application
Serial No. 13/034,380, filed February 24, 2011, International Patent Application No.
PCT/IB2010/054967, filed November 3, 2010, and U.S. Patent Application Serial No.
13/034,515, filed February 24, 2011. One embodiment of an exemplary system 100, as shown
schematically in FIG. 1A, comprises a sample assembly 120 comprising (i) a rotating platform
130 upon which a porous membrane having cells disposed thereon rotates about a rotation axis
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140, and (ii) a movable platform 150 that translates linearly (see track 160) relative to a
detection system 170 that comprises a light source 180 (e.g., a white light source or a laser light
source (e.g., a near infrared laser)), and at least one detector 190, for example, a fluorescence
detector. A beam of light from light source 180 (excitation light) impinges rotating platform
130 and the planar membrane disposed thereon, while emission light is detected by detector
190. The light source 180 and the detector 190 may be arranged at similar angles relative to the
platform 130 as the beam of light will impact and leave the platform 130 at substantially the
same angle. In certain circumstances, the detection system consists of a single detector that
detects a single wavelength range (see FIG. 12B) or multiple wavelength ranges.

Alternatively, the detection system consists of multiple detectors, each of which is capable of

detecting a different wavelength range.

[0074]  FIGS. 1B-1D depict the exemplary cell detector system 100 having an enclosure 110
and a display (e.g., a touchscreen) 112. The enclosure 110 is sized to house the rotating
platform 130, which may be accessed through a door 114 on the enclosure 110. The enclosure
110 may be manufactured in various shapes and sizes, including in the depicted rectangular
prism form that is approximately 10 in. x 10 in. x 12 in. (1 x w x h). Other shapes may be a
cube, cylinder, sphere, or other prism, amongst others. While dimensions vary depending on
the shape, the enclosure 110 may range in scale from a few inches to several feet, and possibly
lesser or greater, depending on the application. FIG. 1B depicts a cell detection system with
the door 114 in a closed configuration and FIG. 1C depicts the same system with door 114 in
an open configuration to show rotating platform 130. The touchscreen 112 provides a user
interface for controlling the operation of the system 100, and may display information
regarding the system’s 100 current operating parameters. The touchscreen 112 may be
adjustable into a more upright position (as depicted in FIG. 1D) in order to facilitate easier
operation. In certain embodiments, the touchscreen 112 is only active when in the upright
position. In other embodiments, the touchscreen 112 is always active, or only at select times

(e.g., when engaged by a user).

[0075]  Itis understood that such detection systems operate optimally when the cells are
disposed upon a solid support or otherwise maintained in a planar orientation with a tight
flatness tolerance (e.g., within a flatness tolerance of up to about 100 pm (+ 50 um), e.g., up to
about 10 pm (+ 5 um), up to about 20 um (+ 10 um), up to about 30 um (+ 15 pum), up to about
40 um (+ 20 pm), up to about 50 pm (+ 25 wm), up to about 60 um (+ 30 um), up to about 70
um (+ 35 um), up to about 80 um (+ 40 um), up to about 90 um (+ 45 um)), so that the cells

can be visualized readily by a detection system within a narrow focal plane. If a dynamic
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focusing system is employed, it is contemplated that flatness tolerances greater than 100 um
can be tolerated. Accordingly, it can be preferable to use a support system that maintains the
membrane and any captured cells in a substantially planar orientation and within a suitably
tight flatness tolerance to permit reliable detection. Depending on the detection system and
requirements post detection, the support system may be adapted to present and/or maintain
planarity of thc membrane when dry and/or when wet or moist after cells have been captured
on the solid support after passing a cell containing solution through the solid support via pores

disposed within the solid support.

[0076] The invention provides a cell capture system comprising a fluid permeable, planar
membrane comprising an exposed first surface, at least a portion of which is adapted to retain
cells thereon. The portion can: (i) define a plurality of pores having an average diameter less
than about 1 um so as to permit fluid to traverse the portion of the membrane while retaining
cells thereon; (ii) be substantially non auto-fluorescent when exposed to light having a
wavelength in a range from about 350 nm to about 1000 nm; and (iii) have a flatness tolerance
of up to about 100 um. The cell capture system 100 optionally further comprises a register
(e.g., ling, spot, or other mark, indicia or structural feature) associated with the membrane so as
to permit the determination of the location of cells (for example, the viable cells) retained on at
least a portion of the planar membrane. For a disc shaped membrane, polar coordinates (i.c.,

radial “r” and angular “0” coordinate locations) may be suitable.

[0077] The membrane can be of any of a variety of shapes, ¢.g., circular, annular, ovoid,
square, rectangular, elliptical, etc., and can have some portion or all of one side exposed for cell
retention. Moreover, the membrane may form one or more apertures therein to accommodate a
mask and may be formed from scveral separatc membranes assembled together with the mask
or other structural clement. In one embodiment, the membrane may be in the shape of a disc,
e.g., a substantially planar disc. In certain embodiments, the portion of the porous membrane
for capturing cells and/or particles is greater than 400 mm?, 500 mm?, 600 mm?, 700 mm?, 800
mm?, 900 mm? or 1,000 mm?. The membrane (e.g., in the form of a disc) can have a thickness
in a range selected from the group consisting of approximately from 1 pm to 3,000 pm, from

10 um to 2,000 wm, and from 100 um to 1,000 um.

[0078]  In certain embodiments, the cell capture system 100 further comprises a fluid
permeable support member adjacent at least a portion of a second opposing surface of the
membrane. The fluid permeable support, for example, in the form of a smooth planar porous

plastic frit, retains enough fluid to maintain moisture in the porous membrane disposed adjacent
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the permeable support, which in certain embodiments, can be important to maintain the
viability of cells retained on the porous membrane. The support member can have a thickness
in a range selected from the group consisting of approximately from 0.1 mm to 10 mm, from

0.5 mm to 5 mm, and from 1 mm to 3 mm.

[0079]  In certain embodiments, the cell capture system 100 further comprises a mask
proximate at lcast another portion of the first surface of the membrane. Depending upon the
design configuration (c.g., when the porous membranc is a disk), the mask can be circular or

annular, optionally with radial spokes or supports.

[0080] The porous membrane defines a plurality of pores having an average diameter less
than about 1 um so as to permit fluid to traverse the membrane while retaining cells thereon. In
certain embodiments, the average pore diameter is about or less than about 0.9 um, 0.8 pm, 0.7
pm, 0.6 um, 0.5 pm, 0.4 pm, 0.3 pm, 0.2 pum, 0.1 pm, or 0.05 um. In certain embodiments, the
average pore diameter is about 0.2 pm, and in other embodiments the average pore diameter is
about 0.4 um. Suitable membranes can be fabricated from nylon, nitrocellulose, polycarbonate,
polyacrylic acid, poly(methyl methacrylate) (PMMA), polyester, polysulfone,
polytetrafluoroethylene (PTFE), polyethylene and aluminum oxide.

[0081] In addition, the porous membrane is substantially non-autofluorescent when exposed
to light having a wavelength in the range from about 350 nm to about 1,000 nm. As used
herein with reference to the porous membrane, the term “‘substantially non-autofluorescent
when exposed to a beam of light having a wavelength in the range from about 350 nm to about
1,000 nm” is understood to mean that the porous membrane emits less fluorescence than a
fluorescently labeled cell or a fluorescent particle disposed thereon when illuminated with a
beam of light having a wavelength, fluence and irradiance sufficient to cause a fluorescence
emission from the cell or particle. It is understood that a user and/or detector should be able to
readily and reliably distinguish a fluorescent event resulting from a fluorescent particle or a
fluorescently labeled cell from background fluorescence emanating from the porous membrane.
The porous membrane is chosen so that it is possible to detect or visualize a fluorescent particle
or a fluorescently labeled cell disposed on such a porous membrane. In certain embodiments,
the fluorescence emitted from a region of a porous membrane (e.g., a region having
approximately the same surface area as a cell or cell colony or particle being visualized)
illuminated with a beam of light may be no greater than approximately 30 % (e.g., less than
30%, less than 27.5 %, less than 25 %, less than 22.5 %, less than 20 %, less than 17.5 %, less
than 15 %, less than 12.5 %, less than 10 %, less than 7.5 %, less than 5 %, or less than 2.5 %)
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of the fluorescence emitted from a fluorescent particle or a fluorescently labeled cell, when
measured under the same conditions, for example, using a beam of light with the same

wavelength, fluence and/or irradiance.

[0082] Suitable membranes that are non-autofluorescent can be fabricated from a
membrane, €.g., a nylon, nitrocellulose, polycarbonate, polyacrylic acid, poly(methyl
mcthacrylate) (PMMA), polyester, polysulfone, polytetrafluorocthylenc (PTFE), or
polycthylene membrane impregnated with carbon black or sputtered with an inert metal such as
but not limited to gold, tin or titanium. Membranes that have the appropriate pore size which
are substantially non-autofluorescent include, for example, [sopore membranes (Merck
Millipore), Nucleopore Track-Etch membranes (Whatman), ipBLACK Track Etched
Membranes (distributed by AR Brown, Pittsburgh, PA), and Polycarbonate (PCTE) membrane
(Sterlitech).

[0083] In order to facilitate accurate detection and count estimation of the captured cells, it
is beneficial (even essential in some instances, depending on the configuration and capabilities
of the detection system) that the membrane is substantially planar (e.g., substantially wrinkle
free) during cell detection. As used herein, the term “substantially planar” is understood to
mean that an article has a flatness tolerance of less than approximately 100 um. This is
because height imperfections (e.g., wrinkles) may interfere with the optical
detection/measurement system, leading to erroncous results. As a result, it can be important for
the porous membrane when dry and/or wet and depending on detection conditions), retains a
relatively tight flatness tolerance, within the detection capability of the detection system.
Various approaches described below allow the porous membrane to be held substantially flat
after cells from a sample fluid are captured thercon and other approaches may be apparent to

those skilled in the art based on the discussion herein.

[0084]  In certain embodiments, the cell capture system further comprises a plurality of
detectable particles, for example, fluorescent particles. The fluorescent particles can be
adapted to be excited by a beam of light having a wavelength at least in a range from about 350
nm to about 1000 nm, a wavelength in a range from about 350 nm to about 600 nm a
wavelength in a range from about 600 nm to about 750 nm, or any of the wavelength ranges
discussed above. The particles can be used as part of a positive control to ensure that one or
more of the cell capture system, the cell capture method, the detection system, and the method

of detecting the viable cells are operating correctly.
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[0085] Depending upon the design of the cell capture system, the particles (for example,
fluorescent particles) can be pre-disposed upon at least a portion of the porous membrane or
disposed within a well formed in a mask. Alternatively, the particles (for example, fluorescent
particles) can be mixed with the liquid sample prior to passing the sample through the porous
membrane. In such an approach, the fluorescent particles can be dried in a vessel that the
sample of interest is added to. Thercafter, the particles can be resuspended and/or dispersed
within the liquid sample. Alternatively, the fluorescent particles can be present in a second
solution that is mixed with the liquid sample of interest. Thereafter, the particles can be

dispersed within the liquid sample.

[0086] FIG. 2A shows an exemplary membrane assembly 200 comprising a porous planar
membrane 202 and a frame (or mask) 204 to hold porous membrane 202 substantially flat, i.c.,
without allowing the formation of significant wrinkles therein. As shown, frame 204 comprises
a central portion 204a connected to a circumferential portion or outer rim 204b via a plurality
of spokes (e.g., tensioning spokes) 204¢. One of the spokes denoted 204¢’ may be thicker than
the other spokes 204¢ and represents a register from which the co-ordinates of cells disposed on
the membrane can be measured (for example, r, 0 values), where r is the radial distance
measured from the axis of rotation and 0 is the included angle between (i) a radial line

traversing the point of rotation and the cell and (ii) the register 204¢’.

[0087] Membrane 202 comprises a plurality of pores having an average diameter about or
less than about 1 um, for example, about or less than about 0.9 um, 0.8 um, 0.7 um, 0.6 um, 0.5
um, 0.4 pm, 0.3 um, 0.2 um, 0.1 um, or 0.05 um. As such, when a liquid fluid containing cells
and/or particles contacts membrane 202, the fluid can traverse through the membrane via the
pores, while the cells and/or particles are retained on a surface of the membrane 202. The
membrane 202 is substantially non auto-fluorescent when exposed to light having a wavelength
in the range from about 350 nm to about 1000 nm. Moreover, the membrane 202 has a smooth
surface having a flatness tolerance no greater than about 100 um when restrained or configured

for detection by the associated detection system.

[0088] As shown in FIG. 2B, membrane 202 has a first surface 214 and a second surface
216 that is opposite the first surface. First surface 214 may be affixed to the frame 204, e.g.,
via an adhesive bonding layer 218. The central portion 204a can be affixed to a central portion
of membrane 202. In the embodiment shown, the diameter of the membrane 202 is about the
same as that of the outer rim 204b, and as a result, the outer rim 204b is affixed to the

perimeter of the membrane 202. The spokes 204¢ extend radially from the central portion 204a
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and may be affixed to the membrane 202. This configuration can hold the membrane 202
substantially flat, preventing or minimizing the formation of wrinkles. Furthermore, the
formation of wrinkles can also be mitigated or eliminated by applying downward pressure on

the central portion 204a, which increases the surface tension in membrane 202.

[0089] In another approach, as depicted in FIG. 3A, a circular membrane assembly 300
compriscs a porous membrane 202 having an upper surface 304. A circular mask 306, affixed
to a central portion of the surface 304, holds the membrane 202 substantially flat. In the
membrane assembly 300, cells in the fluid sample, if any are present therein, are captured on
the exposed portion of the surface 304 that is not covered by the mask 306. Membrane
assembly 300 may be disposed on a fluid permeable porous support member, as described
below, that may maintain the desired flatness of the membrane during detection. Alternatively
or additionally, in order to keep the membrane 202 substantially flat, downward pressure may
be applied to the mask 306. Materials suitable for the mask 306 include plastic, polycarbonate,

polystyrene, polypropylene, and other materials having water repellant properties.

[0090] FIG. 3B depicts a membrane assembly 310 that is similar to the membrane assembly
300 shown in FIG. 3A. A mask 316 is similar to the mask 306, but the mask 316 has a
protrusion or nipple 318 that allows a user to pick up the assembly 310 (including the
membrane 202) with fingers or forceps, and transfer the assembly 310 to another location, ¢.g.,
on a membrane holder. The top surface of the mask 316 also defines a well 320 that may serve
as a register so that the location of a particle or cell detected on the surface 304 of the
membrane 202 can be described with reference to the location of the well 320. Alternatively or
in addition, control particles to be detected may be initially disposed in the well 320. In certain

other cmbodiments, the mask may include cither the protrusion or the well, but not both.

[0091] In another approach, as depicted in FIGS. 4A and 4B, the porous membranc 202
may be disposed in a membrane assembly 400 to maintain the porous membrane 202 in a
substantially planar configuration without the need for the frame 204 or the masks 306 or 316,
by placing the porous membrane 202 upon a fluid permeable, solid support member 404. In
one embodiment, when the porous membrane 202 is wetted, surface tension between the
membrane 202 and the solid support member 404 conforms the bottom surface of the
membrane 202 to an upper mating surface 406 of the support member 404. For example, in
one embodiment, the support member 404 may be a fluid permeable, solid substantially planar
clement that keeps membrane 202 in a substantially planar configuration, for example, when

the membrane is wetted. The support member 404 is porous, and the upper mating surface 406
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is substantially flat and smooth. In another embodiment, the solid support member 404 is
coated with a non-toxic adhesive, for example, polyisobutylene, polybutenes, butyl rubber,
styrene block copolymers, silicone rubbers, acrylic copolymers, or some combination thercof.
When a downward pressure is applied, for example, from a vacuum, the porous membrane 202
becomes loosely adhered to the solid support member 404, which results in the porous
membrane conforming to the surface 406 of the solid support member 404. The support
member 404 is porous, and the upper mating surface 406 is substantially flat and smooth. For
example, in one embodiment, the surface 406 has a flatness tolerance of up to about 100 pm.
The diameter of the support member 404 is approximately the same as that of the membrane
202, and preferably the support member 404 has a substantially uniform thickness. The support
member can have a thickness in a range selected from the group consisting of approximately
from 0.1 mm to 10 mm, from 0.5 mm to 5 mm, and from 1 mm to 3 mm. Materials suitable for
making the porous support member 404 include plastic, polycarbonate, high density
polyethylene (HDPE), glass, and metal. In one embodiment, the support member 404 is
fabricated by sintering plastic particles made from poly (methyl methacrylate) having a mean
diameter of 0.15 - 0.2 mm held at a temperature near the melting point of the particles and at a
pressure sufficient to cause sintering of the particles to fuse them together and form a uniform

structure.

[0092]  Although the membrane 202 and the support member 404 are depicted as circular,
this is illustrative only. In other embodiments, the membrane 202 and/or the support member
404 may be shaped as a square, a rectangle, an oval, etc. In general, the shape and the surface
arca of the support member, if it is used, is selected such that the surface of the support member

is approximately the same size as or slightly smaller than the membrane disposed thercon.

[0093] The membranc 202 is disposed in contact with the substantially flat, smooth surface
406 of the support member 404 before the sample fluid is poured onto the membrane 202. The
generally flat surface 406 helps keep the membrane 202 substantially flat after the sample fluid
is drained. The fluid permeable solid support 404 can also serve as a reservoir for fluid passed
through the membrane 202 and the fluid permeable solid support 404, to provide the additional
benefit of preventing the membrane 202 and viable cells disposed thereon from drying out

during the detection process. Drying can be detrimental to the viability of the cells retained on

the membrane 202.

[0094]  With reference to FIGS. 5A-5SE, a cup and base assembly 500 having a cup 502 and

a base 504 is used to facilitate the capture of cells present in a liquid sample on a membrane
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(e.g., the membrane 202) disposed within the base 504. The base 504 has a surface 506 (see,
FIG. 5D), an outer wall 508, and a lip 510. The surface 506 defines at least one opening 512
and, optionally, circular and radial protrusions or grooves 514 to facilitate drainage of liquid
passed through the membrane 202. The wall 508 has a circumferential groove 516 under the
lip 510. In certain embodiments (see FIG. 5D), the cup 502 comprises a wall 520 having a
circumferential protrusion 522 adapted to mate with the base groove 516 to rcleasably interlock
the cup 502 to the base 504. A lip section 524 of the wall 520, i.c., the section below the
protrusion 522, inclines inwardly to form a circumferential sealing lip adapted to contact an
upper surface of the porous membrane 202. The lip section 524 also captures the porous
membrane 202 (and in certain embodiments the frame 200 and/or the support member 404)

between the cup 520 and the base 504.

[0095] More generally, a membrane and any components for holding the membrane
generally flat, such as a holder having spokes (described with reference to FIGS. 2A and 2B),
masks (described with reference to FIGS. 3A and 3B), and/or the supporting member
(described with reference to FIGS. 4A and 4B) can be received within the cup and base
assembly 500 and disposed on the surface 506 of the base 504. The cup 502 then is disposed
over the membrane assembly such that the wall protrusion 522 fits into the groove 516 of the
base 504, as depicted in FIG. SE. This fit helps ensure the proper positioning between the cup
502 and the base 504, particularly with respect to the membrane 202 contained therebetween.
The dimensions of the section 524 (¢.g., the length, the angle of inclination, etc.) are selected
such that the section 524 presses against the membrane assembly 400 disposed in the base 504

to provide a fluidic seal and ensure a flat membrane 202.

[0096] FIGS. 6A-6D dcpict another embodiment of a cup and base assembly 550. The cup
and base assembly 550 has a cup 552 and a base 554 that in many aspects function similarly to
the cup 502 and the base 504. The cup and base assembly 550 may also optionally contain a lid
556 for keeping the interior of the cup 552 protected from contaminants, both before and after
use. A support member 558 (such as the support 404) is disposed in the base 554 for
supporting the membrane 202 (depicted in FIGS. 9A and 9B). In the embodiment depicted, the
lid 556 is substantially circular to interfit with cup 552, although any complementary shapes
would be suitable. The lid 556 is shown in greater detail in FIGS. 6E and 6F, including ridges
560 that provide a small offset between the top of the cup 552 and a bottom surface of the top
of the lid 556.
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[0097]  FIGS. 7A-7D depict the cup 552 in greater detail. The cup 552 includes an upper
portion 562 that is substantially hollow and tapers out towards the top to provide an increased
sectional area into which fluid may be poured. Further tapering directs the fluid toward a lower
section 564 that is adapted to be received within the base 554. A vertical segment 566 can
provide increased stability when the cup 552 is disposed within the base 554, from which a lip
section 568 (similar to lip section 524) ecxtends at an angle. A further vertical section 570 may

also be provided for contacting the membrane 202.

[0098]  FIGS. 8A-8D depict the basc 554. The base 554 includes an outer wall 572 defining
an upper portion 574 that may catch extrancous fluid. A lower portion 576 is adapted to be
received within a stage (described in detail below), and may be tapered to provide a tight fight
when mounted thereon. An interior wall 578 defines a central recess 580 for receiving the cup
552, and more particularly the vertical segment 566. A tight fit and overlap between the
vertical segment 566 and the interior wall 578 help ensure a stable fit while the cup 552 is
mounted on the base 554. A ledge 582 for receiving the membrane 202 is located at a bottom
of the interior wall 578, and further defines a recess 584 in the middle to receive the support
member 558. The relationship of the base 554, the membrane 202, and the support member
558 is depicted in FIGS. 9A-9D, along with an optional lid 588 (depicted transparently in FIG.
9A). Openings 586 may be provided in the bottom of the base 554, similar to the openings
512.

[0099] In certain embodiments, the cell capture system, in particular the porous membrane,
has a sterility assurance level less than 10,107, 10®, or 10”. This can be achieved, for
example, by sterilizing the cell capture system, via techniques known in the art, for example,
via autoclaving, exposure to ionizing radiation, for example, gamma radiation or exposure to a
sterilizing fluid or gas, for example, ethylene oxide or vaporized hydrogen peroxide. The cell
capture system can be enclosed within a receptacle (e.g., a bag), prior to, during, or after
sterilization. The cell capture system can be placed within a receptacle (e.g., a bag) and sealed

(e.g., hermetically sealed) before terminal sterilization (e.g., via exposure to ionizing radiation).

[00100] In another embodiment, the invention provides a cell capture cup comprising an open
cylindrical portion and an annular seal adapted to mate with a base comprising the cell capture
system of any one of the foregoing aspects and embodiments. The cell capture cup and base
can have a sterility assurance level less than 10,107, 107, or 10”°, which can be achieved

using any or all of the approaches discussed herein.

(II) CELL CAPTURE METHOD
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[00101] FIG. 10A depicts the components of an exemplary cup and base assembly 550. The
porous support member 558 and the membrane 202 are disposed in the center of the base 554.
The cup 552 then is installed on top of the membrane 202, helping to maintain the membrane
202 in a flat position. The lid §56 may be provided on top of the cup 552 to protect the interior
of the cup 552 from being contaminated. FIG. 10B depicts the fitting of the components
(without the membranc 202 and the support 558.

[00102] During usc, a samplc fluid is poured into the cup 552. Duc to the tapers of the cup
552, the fluid wets the membrane assembly and passes through the membrane 202. The fluid
typically passes through the membrane assembly (e.g., through the membrane 202, and the
porous support member 558, if one is used) toward the base 554. Negative pressure, for
example, a vacuum, can be advantageously employed to draw fluid through the membrane 202
to the openings 586 (c.g., in the embodiment of FIG. SE, via the grooves 514), and to help
keep the membrane substantially flat. After the fluid is drawn through the cup and base
assembly 550, any particles and/or cells in the fluid that cannot pass through membrane 202 are
retained on the upper exposed surface of the membrane 202. After pouring the fluid into the
cup assembly, the cup 552 may be separated from the base 554, as depicted in FIG. 10C, and a
lid 558 placed on top of the base 554. The lid 588 may be provided on top of the base 554 to
protect the moistened membrane 202 and support 558 from contamination when the base is
transferred to the stage 802 (FIG 11B) or when the base containing membrane 202 is
incubated, for example, for 15 minutes to 8 hours to permit the captured viable cells to

proliferate.

[00103] An exemplary flow chart showing the assembly of the cell capture system, the
passage of liquid sample through the cell capture system and the assembly of the membranc

holder for use in an exemplary optical detection system is shown in FIG. 11A.

[00104] With reference to FIG. 11A, in step 601, a cup and base assembly 550 is provided.
In step 603, the cup and base assembly 550 is coupled to a vacuum system (c.g., a vacuum
manifold 606) and a negative pressure is applied to the underside of the cup and base assembly
550. In step 605, the liquid sample is poured into the cup and base assembly 550, and any cells
present in the liquid sample are retained on the upper exposed surface of the porous membrane
202. This pouring step can occur before, at the same time, or after step 603. It is contemplated
that the substantially non-autofluorescent membrane permits a flow rate therethrough of at least
5 or at least 10 mL/cm”/min with a vacuum of about 5 Torr or about 10 Torr. The cells can

then be stained with a viability stain or a viability staining system, for example, as discussed in
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Section 11 so that it is possible to selectively detect and distinguish viable cells from non-
viable cells. The cells may optionally be washed with a physiologically acceptable salt and/or

buffer solution to remove residual non-specifically bound fluorescent dye and/or quencher.

[00105] In step 607, the membrane assembly is removed from the cup 552, typically in
combination with the base 554, though removal independent from the base 554 may be
possible. In step 609, the basc 554 (and thereby the membrane 202) is disposed on a stage 802.
In step 611, the stage 802 is disposed on a chuck 804. The stage 802 and the chuck 804 arc
described in greater detail below. Steps 609 and 611 may be performed in reverse order or
concurrently. The stage 802 and the chuck 804 can be located in the exemplary detection
system 100 of FIG. 1A at the start of the process in order to detect any cells (viable and/or non-
viable cells) and/or particles captured on the surface of membrane 202. In other embodiments,
the stage 802 and/or the chuck 804 may be assembled with the base 554 remote from the

detection system 100.

(I11) CELL STAINING

[00106] Once the cells are captured on the permeable membrane, the cells can be stained
using a viability stain or a viability staining system so as to detect or otherwise distinguish
viable cells from non-viable cells. The particular staining protocol will depend upon a variety
of factors, such as, the cells being detected, the stain or staining system being employed, and
whether the cells are going to be stained and detected immediately or whether the cells are
going to be cultured for a period of time, for example, from 30 minutes to several hours, to
permit the cells to proliferate so that a plurality of cells rather than a single cell is detected at a
particular locus. Exemplary staining and, where desired, culturing protocols are discussed in

the following sections.

[00107] It is understood that a variety of stains and staining systems can be used to
sclectively stain viable versus non-viable cells. As used herein, the term “non-viable cells” is
understood to mean cells that are already dead or cells undergoing cell death. Some approaches
are based on the principle that viable cells exclude certain reagents, such as trypan blue, alcian
blue, eosin Y, nigrosin, propidium iodide, ethidium bromide, and ethidium monoazide. For
example, when using trypan blue, the non-viable cells stain blue whereas the viable cells are
not stained. Other approaches are based upon the principle that viable cells take up and/or
modify certain reagents (for example, fluorescent dyes), where non-viable cells do not. Dyes
that selectively label either viable cells or non-viable cells are described in U.S. Patent No.

5,534,416 and PCT Publication No. W092/02632, which include esterase-dependent dyes,
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nucleic acid binding dyes, dyes dependent upon intracellular oxidation, and membrane

potential sensitive dyes.

[00108] It is understood that the viability stains and viability staining systems that selectively
label viable cells can use a variety of principles. For example, the fluorescent dyes may
penetrate both viable and non-viable cells, but the fluorescent dyes may become modified in a
viable cell such that fluorcscent dye becomes activated within the viable cell (for example, the
activated dye may bind to a cellular substrate or cellular organelle or the like, or may become
capable of fluorescence emission upon illumination with excitation light), or made insoluble
within the viable cell. The modification can occur as result of metabolic activity within the
cell, for example, via enzymatic activity within the cell. By way of example, the fluorescent
dye optionally contains a substrate for an esterase enzyme. Other systems may use a
combination of a fluorescent dye and a quencher or two or more different quenchers that
quench the emission from the fluorescent dye upon excitation. Other systems may use a
plurality of fluorescent dyes or a combination of a dye and quencher, where the emission
profile (for example, emission wavelength) is modulated by the presence of a second
fluorescent dye or the quencher. It is understood that in, each of the foregoing systems, a
plurality of different fluorescent dyes can be employed, for example, 2, 3, 4, or 5 different
fluorescent dyes that target and/or stain different cells or cell types, organelles, structures,
proteins, glycoproteins, lipids, glycolipids, nucleic acids, carbohydrates, etc., to increase
confidence that a fluorescent event is actually caused by a cell rather than a non-specific

acellular event.

[00109] By way of example, viability stains that can be activated within viable cells, for
example, via metabolic activity (for cxample, esterase enzymatic activity) within the cells, are
described in U.S. Patent Nos. 5,314,805, and 5,534,416, U.S. Patent Application Publication
No. US2008/0305514, and PCT Publication No. W(092/02632. In one embodiment, the
fluorescent dye can contain an esterase substrate. An esterase substrate membrane permeable
dye becomes chemically modified via an esterase enzyme in a viable cell that creates carboxyl
groups that trap the modified fluorescent dye within intact, viable cells. In these cases, the
background can be reduced by using a membrane impermeable quencher or with a mild
detergent to remove any fluorescence from extracellular regions or non-viable cells. In such an
approach, only the viable cells are detected. Exemplary esterase substrate-based membrane
permeable dyes are discussed in U.S. Patent No. 5,534,416, including without limitation,

Calcein Blue AM, Carboxycalcein Blue AM, Fluorescein diacetate, carboxyfluorescein
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diacetate, 5-carboxyfluoresein diacetate AM, sulfofluorescein diacetate, BCECF-AM, and
Calcein AM.

[00110] Fluorescent dyes that preferentially label non-viable cells rather than viable cells (for
example, permeate the membranes of non-viable rather than viable cells) include for example,
PO-PRO-1, BO-PRO-1, YO-PRO-1, TO-PRO-1, PO-PRO-3, BO-PRO-3, YO-PRO-3, TO-
PRO-3, POPO-1, BOBO-1, YOYO-1, POPO-3, BOBO-3, YOYO-3 and ethidium bromide
(U.S. Patent No. 5,534,416).

[00111] In addition, it is completed that the fluorescent dyes useful in the practice of the
invention include dyes that bind to nucleic acids within the cells. The dycs can permeate and
bind to nucleic acids in viable cells, permeate and bind nucleic acids in non-viable cells, or
permeate and bind nucleic acids in viable and non-viable cells. The choice of the dye will

depend upon the detection protocol to be employed.

[00112] A variety of viability staining systems have been developed and are described, for
example, in U.S. Patent Publication 2008/0305514, U.S. Patent Nos. 5,314,805, and 5,534,416,
Canadian Patent application CA 02236687, and PCT Publication W02011/124927, where the
viable cells are labeled with one fluorescent dye, and the non-viable cells are labeled with a
second, different fluorescent dye. In other words, the non-viable cells are still fluorescent,
however, the fluorescence emissions from the dead cells can be distinguished from the

fluorescent emissions from the viable cells.

[00113] Canadian Patent Application No. 02236687 describes a system that employs two
different fluorescent dyes, a first dye that is capable of non-specific transfer across a selective
membrane which labels all cells, and a second dye that is incapable of moving across a
selective membrane and can only enter cells that have compromised membranes. In this case,
the viable cells are labeled with the first dye and the non-viable cells are labeled with the first
and second dyes. Given the differences in the emission spectra of viable and non-viable cells,
it is possible to distinguish the viable cells from the non-viable cells. The non-viable cells,
however, still generate a fluorescent signal when irradiated with light of the appropriate

wavelength.

[00114] U.S. Patent Publication 2008/0305514 describes a system where a first fluorescent
dye, for example, a fluorescent dye containing an esterase substrate, permeates and selectively
labels viable cells, and a second, different nucleic acid binding fluorescent dye permeates both

viable and non-viable cells and stains the nucleic acid present in both viable and non-viable

_24-



10

15

20

25

30

CA 02872149 2014-10-30
WO 2013/166336 PCT/US2013/039347

cells. In this approach, a fluorescent dye can be, for example, an esterase substrate that has a
high intracellular retention because the esterase in viable cells converts the dye into a form that
can no longer traverse the cellular membrane. The approach can also employ a nucleic acid
stain (for example, a 4’,6-diamidino-2-phenylindole dye) that labels both viable and non-viable
cells. When excited with the appropriate wavelengths of light, the viable cells emit light from
both the first and sccond fluorcscent dycs (i.c., there arc two different fluorcscent cvents)
whereas the non-viable cells emit light from just the second fluorescent dye. The use of both
the viability stain (for example, the esterase substrate) and the nucleic acid stain can increase
confidence that a fluorescent event is actually caused by a cell and not via a non-specific event.
The non-viable cells still generated a fluorescent signal when irradiated with light of the

appropriate wavelength.

[00115] U.S. Patent No. 5,314,805 describes a different system that employs two different
fluorescent dyes. A first fluorescent dye, for example, calcein AM (an esterase substrate),
permeates and selectively labels viable cells. Viable cells are detectable by a green fluorescent
signal generated upon enzymatic hydrolysis of calcein AM. Non-viable cells are detected with
a second different fluorescent dye, for example, ethidium homodimer. Non-viable cells are
detectable by red fluorescence resulting from nucleic acids stained with the ethidium
homdimer. As aresult, it is possible to distinguish between viable and non-viable cells based
upon the emission profile of each cell. The non-viable cells still generate a fluorescent signal

when irradiated with light of the appropriate wavelength.

[00116] U.S. Patent No. 5,534,416 describes a different system that employs two different
fluorescent dyes. A first fluorescent dye, a cyclic-substituted unsymmetrical cyanine dye,
stains all cells (both viable cells and non-viable cells). The second fluorescent dye, is a dyc
that selectively labels either viable cells or non-viable cells and gives a fluorescence response
that is different from the first fluorescent dye. When the second fluorescent dye is a dye that
selectively stains viable cells, the viable cells are stained with the first and second dyes, and the
non-viable cells are stained with the first dye. In contrast, when the second fluorescent dye is a
dye that selectively stains non-viable cells, the viable cells are stained with the first dye and the
non-viable cells are labeled with the first and second dyes. During either approach, given the
differences in the emission spectra of viable and non-viable cells, it is possible to distinguish
the viable cells from the non-viable cells. The non-viable cells, however, still generate a

fluorescent signal when irradiated with light of the appropriate wavelength.
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[00117] In certain staining systems, the fluorescent dyes traverse the intact membranes of
viable cells but become insoluble or trapped within viable cells as a result of metabolic activity
within the cells. Furthermore, the fluorescent dyes can be used with one or more quenchers
that selectively enter non-viable cells, which therefore increase the selectivity for a fluorescent
event emanating from viable cells. In other circumstances, the fluorescent dyes may permeate
both viable and non-viable cells. In this scenario, the fluorescent dye can be used with onc or
more quenchers that selectively permeate non-viable cells., which therefore increase selectively

for a fluorescent event emanating from viable cells.

[00118] In an alternative approach, U.S. Patent Application Publication No.
US2006/0040400 and European Application No. EP 1624 071 describes the use of a
fluorescent dye and a quencher. A fluorescent dye (for example, carboxyfluorescein diacetate)
permeates both viable and non-viable cells. The quencher then is added to the fluorescently
stained cells that is capable of permeating the membrane of a viable cell but does not quench
the fluorescence of the fluorescent dye at the pH in the viable cells, but quenches the
fluorescence at a pH substantially different from the pH of the viable cells. In this approach,
the quencher is added to the cells at a pH that is substantially different from the pH value of the
viable cells. In this approach, the quencher is not operative to quench fluorescence at the pH of

viable cells but quenches fluorescence at the pH of non-viable cells.

[00119] Despite the cell viability stains and viability staining systems available and useful in
the practice of the methods and systems described herein, there is a desire to develop a simple,
rapid, robust staining protocol that can be used to selectively detect viable cells (both single
cells and clusters of cells) with little or no background fluorescence emanating from non-viable
cells, especially under the conditions (for example, using the excitation light) used to excite the
viable cells and/or the system (e.g., membrane, solid support, optical cell or flow cell)
containing or supporting the cells. In addition, the staining system should not compromise the
viability of the cells being detected. Furthermore, as discussed below, if desired, the staining
system should permit the simultaneous proliferation and staining of viable cells in the cell

sample.

[00120] The invention provides a method for selectively labeling viable cells (for example,
prokaryotic cells or eukaryotic cells) in a cell containing sample. The staining method can be
used in combination with a cell capture system and/or an optical detection system for detecting
the presence of viable cells in a cell sample. The staining procedure can be used to stain viable

cells disposed upon a solid support, for example, microscope slide and/or a well in a culture
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plate, or within a liquid sample, for example, within an optical cell or a flow cell. The staining
protocol can be used in a method to measure the bioburden (for example, to measure the
number and/or percentage and/or fraction of viable cells (for example, viable microorganisms,

for example, bacteria, yeast, and fungi)) of a particular sample of interest.

[00121] The invention provides a method of detecting viable cells in a cell sample. The
mcthod comprises exposing cells in the cell sample to (i) a membrane permeable fluorescent
dye under conditions that permit the fluorescent dye to permeate both viable and non-viable
cells, and (ii) a membrane impermeable fluorescence quencher capable of quenching
fluorescence produced by the fluorescent dye under conditions to permit the quencher to
selectively permeate non-viable cells but not viable cells. Thereafter, the method comprises
exposing the cells to a beam of light having a wavelength capable of exciting the fluorescent
dye to produce a fluorescent emission, and detecting the fluorescent emission, if any, from the
cells with a detector (e.g., a single detector that detects a single wavelength range or a plurality
of different wavelength ranges) or a plurality of detectors (e.g., different detectors each capable
of detecting a different wavelength range), thereby to detect the viable cells in the cell sample.
The fluorescent dye within the non-viable cells emits substantially less fluorescence than the
fluorescent dye within the viable cells. As a result, the non-viable cells emit substantially less

fluorescence than the viable cells.

[00122] Under certain circumstances, for example, when the quencher is capable of creating
fluorescent emissions, the wavelength of the excitation light can be selected so as not to
photoexcite, or substantially not to photoexcite, the quencher. Alternatively, the detector can
be chosen and/or configured so as to preferentially detect the emission events from the dye

rather than the emission ¢vents from the quencher.

[00123] In addition, the invention provides a method of detecting viable cells in a ccell
sample. The method comprises exposing cells in the cell sample to (1) a membrane permeable
fluorescent dye under conditions that permit the fluorescent dye to permeate both viable and
non-viable cells, and (i) a membrane impermeable fluorescence quencher capable of
quenching fluorescence produced by the fluorescent dye under conditions to permit the
quencher to selectively permeate non-viable cells but not viable cells. Thereafter, the cells are
exposed to light having a wavelength capable of exciting the fluorescent dye to produce a
fluorescent emission. The fluorescent emission, if any, from the cells, is detected with one or
more detectors configured to preferentially detect a detectable emission from the fluorescent

dye rather than a detectable emission from the quencher so that the detectable emission from
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the quencher, if created, is no greater than 50 % (e.g., no greater than 40 %, no greater than 30
%, no greater than 20 %, no greater than 10 %) of the detectable emission from the fluorescent
dye. As aresult, under the detection conditions employed, the non-viable cells emit
substantially less fluorescence detected by the detector than the viable cells. As a result, the

method can be used to detect the viable cells in the cell sample.

[00124] In certain embodiments, the non-viable cells emit no or substantially no fluorcscence
detectable by the detector upon exposure to the light. In certain other embodiments, the non-

viable cells emit no or substantially no fluorescence upon exposure to the beam of light.

[00125] It is understood that the choice of the appropriate dye-quencher pair depends upon a
number of factors including one or more of: the emission spectrum of the dye, the absorbance
spectrum of the quencher, the emission spectrum of the quencher, if the quencher has an
emission spectrum, and the bandwidth of detection in a given detector. Each of these features

are discussed below.

[00126] In general, exemplary membrane permeable fluorescent dyes useful in the practice of
this method have one or more of the following features: fluorescent when exposed to a beam of
light having a wavelength maxima in the range of from about 350 nm to about 1000 nm, water
soluble with or without a surfactant such as a mild detergent or cyclodextrin carrier agent, non-
toxic at concentrations required for detectable staining, and a hydrophobic character that allows
for passive diffusion through a viable cell membrane. In certain embodiments, the membrane
permeable fluorescent dye may also be characterized as containing at least one charged group
(e.g., a quaternary nitrogen group). In certain embodiments, the fluorescent dye can be excited
to undergo fluorescence by radiation from a red laser, for example, a red laser that emits light

having a wavelength in the range of 620 nm to 640 nm.

[00127] In addition, exemplary membranc impermeable fluorescent quenchers useful in the
practice of this method have one or more of the following features: non-toxic at concentrations
sufficient for quenching signal from the fluorescent dye, water soluble, hydrophilic and polar
containing either highly charged groups such as but not limited to carboxyl, amino, phenoxide,
sulfate, sulfonate, phosphate, or phosphonate moieties, and/or substituted with polar ligands
such as polyethylene glycol, polypropylene glycol, or polyvinyl alcohol, so that the polarity of
the quencher prevents passive diffusion through a viable cell membrane and/or is actively
pumped out of a viable cell. In certain embodiments, the membrane impermeable fluorescent
quencher optionally contains at least two charged groups (e.g., at least one quaternary nitrogen
group). In another embodiment, the quencher does not fluorescence when exposed to light
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having a wavelength, a wavelength range, or a plurality of wavelength ranges, that is emitted
from the membrane permeable fluorescent dye when excited by the light source used for

detecting the presence of viable cells.

[00128] Exemplary fluorescent dye and fluorescence quencher pairs can be selected for use
in the practice of the inventions described herein and can be chosen, for example, from the

fluorescent dyes and fluorescence quenchers set forth in TABLES I and 11 below.

[00129] Exemplary fluorescent dyes (¢ acceptors) can be sclected from Oxazine 1, Oxazine
170, Oxazine 750, Oxazinc 4, Rhodamine 700, Rhodamine 800, Cresyl Violet, Nile blue,
Mcthylene Blue, Azure A, Azure B and Azure C, which can be uscd in combination with an
exemplary quencher (¢ donor) selected from sodium ascorbate, 5’ guanosine monophosphate,
L-tryptophan, potassium hexacyanoferrate (II), diphenylamine-2-sulfonic acid, copper

phthalocyanine-3, 4°, 4°°, 4>*’-tetrsulfonic acid tetrasodium salt and humic acid.

[00130] Exemplary fluorescent dyes (¢” donors) can be selected from metallated
phthalocyanines or porhyrins, Hoeschst 33342, and other Hoeschst dyes, Ru(phen_dppz®' and
Rh(phi)bpy’", which can be used in combination with a quencher (¢” acceptor) selected from
bipyridinium derivatives (for example, N, N’-dimethyl-4,4’-bipyridinium dichloride, 1,1°-
ethylene-2,2’-bipyridyyldiylium dibromide, and anthraquinones (for example,

bisalkylaminoanthraquinones).
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[00131] The membranc impermeable quenchers for use in the practice of the inventions
described herein typically suppress fluorescence from the fluorescent dye by cither photo-
induced electron transfer (PET), sometimes referred to as static quenching, or fluorescence
resonance energy transfer (FRET), or some combination thereof. The efficiency of these
quenching mechanisms are distance-dependent, meaning that the fluorescent dye molecule and
quencher molecule must be in close enough proximity for the suppression of fluorescence to
take place. It is possible to select the conditions to maximize the chances that efficient
quenching can be accomplished. An exemplary, spectral overlap between the fluorescent dye
and quencher is shown schematically in FIG. 12A. In such a system, the fluorescent emission
of the fluorescent dye is suppressed by the quencher via a FRET mechanism. Using such
principles it is possible to create fluorescent dye-quencher pairs useful in the practice of the

invention.

[00132] In one approach, the fluorescent dye-quencher pairs can be selected to have a
binding affinity for one another, by means of, for example, electrostatic and/or hydrophobic
interactions, which when bound results in a substantially non-fluorescent ground-state complex.
In other words, the fluorescent dye and fluorescence quencher may bind to onc another in the

cell.

[00133] Exemplary combinations of fluorescent dyes and fluorescence quenchers useful in

such an approach are set forth in TABLE II1.

TABLE III - Exemplary Dye — Quencher Combinations

D1 Q1,Q2, Q3, Q4,Q5, Q6,Q8, Q13, Ql4, or Q13, or any
combination thereof

D2 Q1,Q2,Q3, Q4,Q5, Q6,Q8, Q13, Ql4, or Q15, or any
combination thereof

D3 Q1,Q2, Q3, Q4, Q5, Q6, Q8, Q13, Q14, or Q15, or any
combination thercof

D4 Q1,Q2,Q3,Q4,Q5,06,0Q8,Q11, Q12, or Q15, or any
combination thereof

D6 Q1,Q2, Q3, Q4, Q5, Q6,Q8, Q13, Ql4, or QIS, or any
combination thereof

D7 Q1, Q2,Q3, Q4, Q5, Q6, Q8, Q13, Ql4, or Q15, or any
combination thereof

D8 Q2, Q5, Q6, Q11, or Q12, or any combination thereof

D20 Q1, Q2, Q3, Q4, Q5,Q6, Q8, Q13, Q14, or Q15, or any
combination thereof

[00134] In another approach, the fluorescent dye and/or quencher can be selected to have

binding affinities for a specific cellular component, organelle, or structure, such as a nucleic
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acid. For example, the fluorescent dye, the fluorescence quencher, or both bind to a nucleic
acid in a cell. When the fluorescent dye and quencher are co-bound to the specific target, such
as a nucleic acid, the proximity of the dye and quencher are such that a substantially non-
fluorescent complex is formed. In either approach, the membrane impermeable quencher is not
permitted to enter viable cells via an intact membrane, which prevents the formation of the non-
fluorcscent complex in viable cells. In onc embodiment of the invention, fluorescent dyc —
fluorescence quencher pairs are chosen such that the fluorescent dye and fluorescence quencher
both bind to a specific cellular component such as a nucleic acid. This approach has the
advantage that non-specific fluorescent staining is reduced because the fluorescent dye and
fluorescence quencher bind to a specific target. As a result, this approach can reduce non-
specific fluorescent staining which optimizes the signal to noise ratio when differentiating
between viable cells. The nucleic acid binding fluorescent dyes and nucleic acid binding
fluorescence quenchers are selected such that there is spectral overlap between the emission
spectrum of the fluorescent dye and the absorbance spectrum of the quencher, for example, as

shown schematically in FIG. 12A.

[00135] Exemplary combinations of fluorescent dyes and fluorescence quenchers that
selectively bind a nucleic acid (for example, a DNA or RNA) are set forth in TABLE IV. The
feature of spectral overlap between the emission spectrum of the fluorescent dye and the
absorbance spectrum of the quencher may be used to guide the selection of a particular
fluorescent dye for use with a particular quencher. This approach can be particularly effective
when the dye and quencher both bind, for example, selectively bind to a cellular organelle or

cell component such as a protein, glycoprotein, carbohydrate, lipid, or nucleic acid.

TABLE 1V — Exemplary Nucleic Acid Binding Dye - Nucleic Acid Binding Quencher

Combinations
D1 Q16, Q17, or Q18, or any combination thercof
D2 Q16, Q17, or Q18, or any combination thereof
D3 Q16, Q17, or Q18, or any combination thereof
D4 Q16, Q17, or Q19, or any combination thereof
D6 Q16, Q17, or Q18, or any combination thereof
D7 Q16, Q17, or Q18, or any combination thercof
DS Q16, Q17, or Q19, or any combination thercof
D9 Q16, Q17, or Q19, or any combination thereof
D10 Q16, Q17, or Q19, or any combination thereof
D11 Q16, Q17, or Q19, or any combination thereof
D12 Q16, Q17, or Q19, or any combination thercof
D13 Q16, Q17, or Q19, or any combination thereof
D14 Q16, Q17, or Q19, or any combination thereof
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D15

Q16, Q17, or Q19, or any combination thereof

D16

Q16, Q17, or Q18, or any combination thereof

D17

Q16, Q17, or Q18, or any combination thereof

DIg

Q16, Q17, or Q19, or any combination thercof

D19

Q16, Q17, Q18, or Q19, or any combination
thereof

D20

Q16,Q17, Q18, or Q19, or any combination
thereof

D21

Q16, Q17, or Q19, or any combination thercof

D22

Q16, Q17, or Q19, or any combination thercof

D23

Q16, Q17, or Q19, or any combination thereof

D24

Q16, Q17, or Q19, or any combination thereof

D25

Q16, Q17, or Q19, or any combination thereof

D26

Q16, Q17, or Q19, or any combination thercof

D27

Q16, Q17, or Q19, or any combination thercof

D28

Q16, Q17, or Q19, or any combination thereof

D29

Q16, Q17, or Q19, or any combination thereof

D30

Q16, Q17, or Q19, or any combination thereof

D31

Q16, Q17, or Q19, or any combination thercof

D32

Q16, Q17, or Q19, or any combination thereof

D33

Q16, Q17, or Q19, or any combination thereof

D34

Q16, Q17, or Q19, or any combination thereof

D35

Q16, Q17, or Q19, or any combination thercof

D36

Q16, Q17, or Q19, or any combination thercof

D37

Q16, Q17, or Q19, or any combination thereof

D38

Q16,Q17, Q18, or Q19, or any combination
thereof

D39

Q16, Q17, Q18, or Q19, or any combination
thereof

D40

Q16, Q17, or Q18, or any combination thercof

D41

Q16,Q17, Q18, or Q19, or any combination
thereof

D42

Q16, Q17, or Q18, or any combination thereof

D43

Q16, Q17, or Q18, or any combination thercof

D44

Q16, Q17, Q18, or Q19, or any combination
thereof

[00136] The dye and quencher can be chosen to permit spectral overlap of the emission

spectrum of the dye with the absorption spectrum of the quencher, for example, as

demonstrated in FIG. 12A to permit the requisite level of quenching to occur. Under these

conditions, the fluorescent emission of the fluorescent dye can be suppressed by the quencher

via FRET.

[00137] The dye and quencher pair can be further characterized according to the extent to
which the emission spectrum of the dye overlaps the emission spectrum (if any) of the

quencher. Under certain circumstances, it can be desirable to minimize the extent to which
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emission spectrum of the quencher overlaps with the emission spectrum of the fluorescent dye,
particularly that portion of the emission spectrum of the dye that is detected by a detector (e.g.,
a fluorescence detector) during the cell viability assay. Therefore, in certain embodiments, the
quencher is selected such that if the quencher is excited by the light source (excitation light)
used to excite the fluorescent dye and such quencher is capable of emitting a photon, then the
quencher preferably has one or more of the following properties: (i) the quencher does not emit
substantial, or any, electromagnetic radiation within the emission spectrum of the dye
(particularly that portion of the emission spectrum of the fluorescent dye that is measured
during the cell viability assay, i.¢., the portion of the emission spectrum of the fluorescent dye
that falls within the bandwidth of detection in the detector (see, wavelength range &; — A, in
FIG. 12B)), and (ii) the quencher has a lower quantum yield than that of the fluorescent dye.
As aresult, the quencher remains non-fluorescent or substantially non-fluorescent over the
range of wavelengths measured during the cell viability assay. Accordingly, when a detection
channel in a detector is set to detect the emission signal emanating preferentially from the
fluorescent dye, substantially less fluorescence (for example, less than 40%, 30%, 20%, 10 %
or 5% of the fluorescence) or no fluorescence emanating from the quencher (for example, via
auto-fluorescence or fluorescence created by the excitation source) is detected in the detection

channel of the detector (see, wavelength range A; — A, in FIG. 12B).

[00138] In one approach for selecting an appropriate dye-quencher pair, as shown
schematically in FIG, 12B, the emission spectrum of the fluorescent dye (¢.g., the membrane
permeable dye) is shown by the hatched line and the emission spectrum of the quencher (e.g.,
the membrane impermeable quencher) is shown by the solid line. A detector with a bandwidth
of detection (BD, which is represented, for example, as a wavelength range between
wavelength value A; and wavelength value A,) is capable of detecting a portion of the emission
spectrum of the fluorescent dye (arca denoted as region X). The area X is the detectable
emission of the fluorescent dye. Given the bandwidth of detection, the detector is sometimes
also capable of detecting a portion of the emission spectrum of the quencher (area denoted as
region Y), assuming that the quencher has its own emission spectrum (certain quenchers are not
fluorescent and do not produce an emission spectrum) or the emission spectrum of the quencher
overlaps at least a portion of the emission spectrum of the dye. The area Y is the detectable
emission of the quencher. In cases where the quencher does produce an emission spectrum, the
detectable emission of the quencher (area Y) is no greater than 50% (e.g., no greater than 40%,
no greater than 30 %, no greater than 20%, no greater than 10 %, or no greater than 5 %) of the

detectable emission of the dye (area X) so as to provide the appropriate signal-to-noise ratio for
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the detection of viable cells. In a preferred embodiment, the detectable emission of the

quencher (area Y) is no greater than 30 % of the detectable emission of the dye (area X).

[00139] This approach can be performed by taking the fluorescence emission spectra of the
dye and quencher and then identifying the portions (areas under the curve) under each spectra
that fall within the bandwidth of the proposed detector (see FIG 12B). The ratio of these
values is then used to determine that the detectable emission of the quencher is no greater than
50 % of the detectable emission of the dye. The choice of the dye-quencher pair depends upon
the choice of the appropriate bandwidth of detection in the detector, the fluorescent dye and the

quencher.

[00140] An alternative approach can be used for selecting an appropriate dye — quencher pair.
For example, in another embodiment, the separation of the emission spectra of the fluorescent
dye from the emission spectra (if present) of the quencher can be characterized according to
non-overlap of the critical emission wavelength range of the fluorescent dye and the critical
emission wavelength range of the quencher. The separation of the critical emission wavelength
range of the fluorescent dye from the critical emission wavelength range of the quencher is
illustrated in FIG. 12C. The term “critical emission wavelength range(s)” or CER; means the
wavelength range(s) of the emission profile over which a fluorophore has an emission intensity
that is at least 40 %, 50 %, 60 %, 70 %, 80 %, or 90 % of the maximum emission intensity at
the Amax of the emission spectrum of the fluorophore. Thus, the critical emission wavelength
range of the fluorescent dye is the wavelength range of the emission profile of the fluorescent
dye over which the dye has an emission intensity that is at least 40 %, 50 %, 60 %, 70 %, 80 %,
or 90 % of the maximum cmission intensity at the A,y of the emission spectrum of the
fluorescent dye. The critical emission wavelength range of the quencher is the wavelength
range of the emission profile (if any) of the quencher over which the quencher has an emission
intensity that is at least 40 %, 50 %, 60 %, 70 %, 80 %, or 90 % of the maximum emission

intensity at the A,,x of emission spectrum of the quencher.

[00141] To illustrate further, the emission intensity of an exemplary fluorescent dye and
emission intensity of an exemplary quencher are illustrated in FIG. 12C. The critical emission
wavelength range of the fluorescent dye is labeled CER;, dye, and corresponds to those
wavelengths where the emission intensity of the dye is at least 50 % of the maximum emission
intensity of the dye at its Amax. The critical emission wavelength range of the quencher is
labeled CER;, quencher, and corresponds to those wavelengths where the emission intensity of

the quencher is at least 50 % of the maximum emission intensity of the quencher at its Aj,,. As
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depicted in FIG. 12C, there is no overlap of the critical emission wavelength range of the
fluorescent dye with the critical emission wavelength range of the quencher. The difference
between the wavelengths (i.e., Ay — A;) is denoted by the term “d” in FIG. 12C, which
preferably is at least 5 nm (or at least 10 nm, 20 nm, 30 nm, 40 nm, 50 nm, 60 nm, 70 nm, 80

nm, 90 nm or 100 nm).

[00142] Depending on the emission spectra of the fluorescent dye and the quencher, it is
understood that wavelengths that exceed the threshold intensity (e.g., 50 % of the maximum
emission intensity of the dye at its Amax) may not be continuous. For example, the emission
spectra of the dye and/or quencher may contain two or more wavelength ranges that exceed the
threshold intensity (e.g., 50 % of the maximum emission intensity of the dye or the quencher at
its respective Amax). Preferably there is little or no overlap between the critical emission
wavelength range(s) of the fluorescent dye and the critical emission wavelength range(s) of the
quencher. Using these criteria, it is possible to choose dye-quencher combinations useful in the

cell viability assays described herein.

[00143] The concentrations of a particular membrane permeable fluorescent dye and
membrane impermeable fluorescent quencher are selected to (i) provide sufficient fluorescence
intensity from the fluorescent dye in viable cells, (ii) substantially quench fluorescence of the
fluorescent dye in non-viable cells, and (iii) to minimize any toxicity of the dye and/or
quencher. In certain embodiments, the membrane permeable fluorescent dye is used at a
concentration in the range of from about 0.1 uM to about 50 uM, from about 0.5 uM to about
30 uM, or from about 1 uM to about 10 uM, when applied to cells. In certain embodiments,
the amount of membrane impermeable fluorescent quencher applied to cells is about the same
molar concentration as the fluorescent dye or greater. In certain embodiments, the amount of
membrane impermeable fluorescent quencher applied to cells is at a concentration of 0.1 uM to
about 200 mM, from about 0.5 uM to about 100 mM, from about 0.5 uM to about 1 mM, from
about 0.5 uM to about 500 uM, from about 1 uM to about 500 uM, or from about 1 uM to
about 100 uM, when applied to cells. In other embodiments, the quencher is provided at a
molar excess of, for example, 2-fold, 3-fold, 4-fold, 5-fold, 6-fold, 7-fold, 8-fold, 9-fold, 10-
fold, 20-fold, 40-fold, 60-fold, 80-fold, 100-fold, 200-fold, 300-fold, 400-fold, 500-fold, 1000-
fold, or 2,000-fold, 5,000-fold, 10,000-fold, 20,000-fold, 50,000-fold or 100,000-fold, relative
to the concentration of the fluorescent dye. The amount of the quencher should be chosen so
that the quencher is non-toxic or is substantially non-toxic to the cells being detected in a given

sample. In certain embodiments, the amount of membrane impermeable fluorescent quencher
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applied to cells is in the range of about a 5-fold molar excess to about a 20-fold molar excess or
about a 5-fold molar excess to about a 10-fold molar excess, relative to the amount of

membrane permeable fluorescent dye applied to cells.

[00144] Depending upon the cells being detected and desired sensitivity, it is possible to
expose the cells to a plurality of different fluorescent dyes and/or a plurality of different
fluorescence quenchers. Furthermore, depending upon the dyes and quenchers to the used, and
the ccells to be detected, the cells can be exposed to the fluorcscent dye and then exposed to
fluorescence quencher. Alternatively, the cells can be exposed to the fluorescent dye and the
fluorescence quencher at the same time. In certain methods, a washing step using, for example,
a physiologically acceptable salt and/or buffer solution can be used to remove residual dye or
quencher before detection. In certain methods, a subsequent washing step is not necessary and
the washing step if employed could even be undesirable if the fluorescent dye is removed or
extracted from the viable cells, for example, via diffusion out of the cells during the washing

step.

[00145] The detection method can be performed on single cells, clusters of cells or colonies
of cells. Under certain circumstances, for example, to increase the sensitivity of the assay, it
may be desirable to culture the cells under conditions that permit cell proliferation prior to
and/or during and/or after exposing the cells to the fluorescent dye and the fluorescence
quencher. The culture conditions, including, the choice of the growth media, the temperature,
the duration of the culture, can be selected to permit at least one of cells in the sample to have

one or more cell divisions.

[00146] For example, depending upon the sensitivity required, the cells, once captured on the
membrane, can be contacted with growth media and/or spore germination initiators and then
permitted to proliferate for onc or more doubling times to increase the number of cclls at a
particular locus on the membrane. In one embodiment, the cells are captured on membranc
202, a solution containing the fluorescent dye and the fluorescence quencher and growth
medium (e.g., Nutrient Broth T7 105 from PML Microbiologicals, Wisonville, OR) are poured
into the cup assembly and pulled through membrane 202 via vacuum suction. The lid 588 is
then placed upon base 554 (see FIG 10C), and the resulting unit can be placed in an incubator
at a preselected temperature (e.g., 37°C) for a desired length of time (e.g., from 15 minutes to 8
hours, or from 30 minutes to 4 hours) depending upon the doubling time of the organisms.
During this time, the membrane 202 remains moist in view of the growth media and stain

present within solid support 558. This approach also provides more time for the fluorescent
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dye and quencher to permeate and stain the cells. After incubation, the base 554 can then be

transferred to and placed into stage 802 for insertion into the detection device.

[00147] In certain embodiments, the fluorescent dye and/or the fluorescence quencher, bind
to a nucleic acid within the cell. In other embodiments, the fluorescent dye and the

fluorescence quencher bind to one another in the cell.

[00148] In certain embodiments, the beam of light used to excite the fluorescent dye or
fluorcscent dycs has a wavelength in the range of from about to 350 nm to about 1000 nm,
from about 350 nm to about 900 nm, from about 350 nm to about 800 nm, from about 350 nm
to about 700 nm, or from about 350 nm to about 600 nm. For example, the wavelength of
excitation light is at least in one range from about 350 nm to about 500 nm, from about 350 nm
to about 500 nm, from about 350 nm to about 600 nm, from about 400 nm to about 550 nm,
from about 400 nm to about 600 nm, from about 400 nm to about 650 nm, from about 450 nm
to about 600 nm, from about 450 nm to about 650 nm, from about 450 nm to about 700 nm,
from about 500 nm to about 650 nm, from about 500 nm to about 700 nm, from about 500 nm
to about 750 nm, from about 550 nm to about 700 nm, from about 550 nm to about 750 nm,
from about 550 nm to about 800 nm, from about 600 nm to about 750 nm, from about 600 nm
to about 800 nm, from about 600 nm to about 850 nm, from about 650 nm to about 800 nm,
from about 650 nm to about 850 nm, from about 650 nm to about 900 nm, from about 700 nm
to about 850 nm, from about 700 nm to about 900 nm, from about 700 nm to about 950 nm,
from about 750 to about 900 nm, from about 750 to about 950 nm or from about 750 to about
1000 nm. Certain ranges include from about 350 nm to about 600 nm and from out 600 nm to

about 750 nm.

[00149] The fluorescent emission can be detected within a range of from about 350 nm to
about 1000 nm, from about 350 nm to about 900 nm, from about 350 nm to about 800 nm, from
about 350 nm to about 700 nm, or from about 350 nm to about 600 nm. For example, the
fluorescent emission can be detected within a range from about 350 nm to 550nm, from about
450 nm to about 650 nm, from about 550 nm to about 750 nm, from about 650 nm to about 850
nm, or from about 750 nm to about 950 nm, from about 350 nm to about 450nm, from about
450 nm to about 550 nm, from about 550 nm to about 650 nm, from about 650 nm to about 750
nm, from about 750 nm to about 850 nm, from about 850 nm to about 950 nm, from about 350
nm to about 400 nm, from about 400 nm to about 450 nm, from about 450 nm to about 500 nm,
from about 500 nm to about 550 nm, from about 550 nm to about 600 nm, from about 600 nm

to about 650 nm, from about 650 nm to 700 nm, from about 700 nm to about 750 nm, from
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about 750 nm to about 800 nm, from about 800 nm to about 850 nm, from about 850 nm to
about 900 nm, from about 900 nm to about 950 nm, or from about 950 nm to about 1000 nm.
In certain embodiments, the emitted light is detected in the range from about 660 nm to about

690 nm, from about 690 nm to about 720 nm, and/or from about 720 nm to about 850 nm.

[00150] In each of the foregoing, the method can further comprise exposing the cells to a
sccond, different membrane permeable fluorescent dye that labels viable cells, non-viable cells

or a combination of viable and non-viable cells.

(V) CELL DETECTION

[00151] Once the cell capture system has been used to capture cells originally present in the
fluid sample, the membrane or the membrane assembly can be inserted into a membrane holder
(c.g., holder 802) for insertion into a suitable detection system. Exemplary detection systems
are described, for example, in International Patent Application No. PCT/IB2010/054965, filed
November 3, 2010, U.S. Patent Application Serial No. 13/034,402, filed February 24, 2011,
International Patent Application No. PCT/IB2010/054966, filed November 3, 2010, U.S. Patent
Application Serial No. 13/034,380, filed February 24, 2011, International Patent Application
No. PCT/IB2010/054967, filed November 3, 2010, and U.S. Patent Application Serial No.
13/034,515, filed February 24, 2011. In the foregoing detection systems, a membrane is rotated
while a beam of excitation light is directed onto the surface of the membrane. The emitted light

is detected with at least one optical detector.

[00152] In order to facilitate rotation of the permeable membrane, the membrane can be
disposed in a membrane holder. In one embodiment, for example, in a membrane assembly
that comprises a mask and optional spokes, the membrane assembly may be inserted into a
membrane holder that can be placed within sample assembly 120 of FIG 1A. In particular, the

membrane assembly maybe placed upon the rotating platform 130.

[00153] FIGS. 13A and 13B show an exemplary membrane holder that can be used in such a
detection system. Membrane holder 700 comprises a container 702 (¢.g., a metallic container
made of aluminum) defining a central cylindrical recess 704 and an offset drive aperture or
notch 706. The container 702 may be disposed upon a rotatable shaft such that the shaft is
received within, coupled to, or otherwise engaged with the recess 704. The shaft may form a
disk to support the holder 700 and can include a protrusion, such as a driver pin that couples
with the drive notch 706. As a result, rotation of the disk about its axis of rotation

correspondingly positively rotates the membrane holder 700 without slippage.
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[00154] The container 702 also defines a chamber 708 to receive a membrane and any
components for holding the membrane generally flat. These components include a holder
having spokes (described with reference to FIGS. 2A and 2B), the masks {(described with
reference to FIGS. 3A and 3B), and/or or the porous supporting member (described with
reference to FIGS. 4A-4B). Under the chamber 708, a plurality of magnets 712 can be
disposed within the container 702. An exemplary magnet configuration 710 is depicted in FIG.
13B. The configuration 710 includes three magnets 712 located approximately in a circular
pattern having a center at or near the axis of rotation of the container 702. The plane of the
circle of magnets 712 is substantially parallel to the surface of the chamber 708. The container
702 further comprises a window 714 such as a glass, polycarbonate or perspex window
enclosed in a magnetic ring 716. In certain embodiments, the magnets 712 are disk magnets
and are used to maintain the elements in the chamber 708 during rotation (e.g., by attraction of
the magnetic ring 716). It should be understood that the configuration 710 is for illustrative
purposes only, and that other configurations, such as those having fewer or more than three
magnets, may incorporate patterns other than a circular pattern, as well as other retention

schemes, and are considered within the scope of the present invention.

[00155] The window 714 protects the underlying cell retaining membrane, as well as the
cells, and can maintain the sterility of the membrane if is to be subsequently removed and
incubated under conditions (e.g., temperature, moisture, and nutrition) to facilitate growth of
the viable cells. The magnetic ring 716 can have an extension 718 forming a magnetic stainless
steel ring 720. The center of the extension 718 is located at or near the axis of rotation of
container 702. Accordingly, when the window 714 is disposed over a membrane assembly
received in the chamber 708, the ring 720 is substantially disposed directly over the
configuration 710 of magnets 712. As the magnetic ring 720, and hence, the window 714 arc
moved toward the magnets 712, the membrane received in the chamber 708 is generally held in
place as the container 702 rotates about its axis of rotation. The extension 718 may also apply
downward pressure on the membrane (e.g., via a central mask, etc.), helping preserve the

flatness of the membrane received in the chamber 708.

[00156] FIG. 13C depicts a membrane holder assembly for use in an optical detection
system assembly disposed within the container (also called a cartridge holder) 702. Other
membrane assemblies, including those described herein, may also be received in the
container/holder 702. The window 714 is disposed over the membrane assembly 200. The
magnets 712 are disposed in recesses 770 in a bottom surface 772 of the container 702. As

described above, when the membrane assembly 200 is received in the chamber 708, the
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magnets 712 pull ring 720 of the window 714 toward the surface 772 of the container/cartridge
holder 702, thereby holding the membrane assembly 200 in place, as depicted in FIG. 13D.

[00157] The container/holder 702 can then be placed on a disk or chuck 780 that has a shaft
782 and a driver mechanism 784 that engages a recess defined by the base of the
container/holder 702. The shaft 782 engages with the notch 704. The disk/chuck 780 fits on a
motor shaft of the detection system. Rotation of the motor shaft drives the rotation of the
membrane assembly 200. The shaft 782 and the driver 784 prevent the container/holder 702
from slipping or sliding on the surface of the disk 780. In addition, the magnets 786 align the
container/cartridge holder 702 with a predetermined position on the surface of the disk 780,
thereby facilitating registration of the initial orientation of the membrane assembly 200. Such
registration can be beneficial when mapping the location of any fluorescence events (e.g., light

emitted by viable cells, non-viable cells or particles).

[00158] Many other embodiments of a membrane holder are contemplated. For example, a
membrane holder with three magnets disposed in a rim of a container and a window having an
integral or separate magnetic rim that has three notches and three legs has been contemplated.
In such an embodiment, the rim of the membrane holder may have three stops. When the
magnetic rim is disposed over the container, the legs can slide along the outer surface of the rim
until the legs are in contact with the stops. The magnets are disposed in the rim and the notches
are located in the magnetic rim, such that when the legs are in contact with the stoppers, each of
the notches is positioned directly over one of the magnets. In this position, the magnetic rim
and the window can be readily separated from the membrane holder, and a membrane assembly
can be received in or removed from a chamber of the container. Thereafter, the window can be
replaced. The window can be rotated such that the notches are not aligned with the magnets,
and as such, the magnetic rim and the window are substantially held in place by the magnets.
Consequently, the membrane assembly received in the chamber is also substantially held in

place.

[00159] In order to minimize the number of manipulation steps for transferring the porous
membrane assembly 200 into the membrane holder, which can increase the risk of
contaminating the membrane assembly 200, it is contemplated that the membrane holder can be
adapted to engage the membrane assembly together with the base of a cup (e.g., the base 554).
FIGS. 14A-14C depict the stage 802 adapted to receive the base 554. The stage 802 may have
multiple recesses 810, each adapted to receive a separate base 554. Walls 812 of the recesses

are tapered to receive the similar tapered lower portion 576 of the base 554, helping ensure a
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secure fit for stability during rotation. The stage 802 is depicted in a substantially circular
form, but may be any shape. The stage 802 may be sized to fit within the enclosure 110, either
permanently or temporarily. A lower surface of the stage 810 includes a mating recess 814 for
attachment to the chuck 804 (depicted in FIGS. 15A-15D). The chuck 804 provides a base on
which the stage 802 sits, and provides the means for rotating the stage 802. The chuck 804 can
be permancntly installed in the enclosure 110, or may be removable. In an embodiment where
the stage 802 and the chuck 804 are already disposed within the enclosure 110, only the base
554 with the saturated membrane 202 would need to be transferred into the enclosure 110 to
begin operation, thus minimizing the number of handling steps. The chuck 804 has an upper
surface 820 that can be sized to support a large portion of the stage 802 for increased stability
during operation. A protrusion 822 on the top surface 820 is adapted to mate with the mating
recess 814 of the stage 802, which is depicted in broken outline in FIG. 15A. The protrusion
822 may have an aperture 824 for receiving a fastener (e.g., a set screw) for further securing the
stage 802 to the chuck 804. A bottom surface 826 of the chuck 804 has a protrusion 828 for

mating with a drive for rotating the chuck 804.

[00160] As discussed above, for accurate detection and/or estimation of cells and/or particles,
the porous membrane 202 should be flat, substantially horizontal, and at or about a
predetermined distance from the source of the light impinged thereupon. Optionally, the
membrane 202 is located at or near the focal length of the detection system 170. The thickness
of the base 554 and flatness of the surface of the base 554 can affect the height and plane of the

membrane 202.

[00161] The distance and planarity may be maintained using a variety of different
approaches. In one embodiment, as depicted in FIGS. 16A-16D, when using an assembly for
use in the system of FIG. 1, depicted posts 790 pass through the openings 512 in the base 504,
and can contact the bottom surface of the porous member 404 disposed within the base 504.
The porous member 404 is lifted from base 504 as shown in FIG. 16D. Both the top and
bottom surfaces of the porous member 404 can be very flat and parallel, and disposed within
the focal plane of the detection system 170. The heights of the posts 790 are precisely
machined to define a horizontal plane at a predetermined height in the detection system 170,
such that the posts 790 directly support the membrane support member 404, free from the base
504. Accordingly, by controlling precisely solely the thickness and flatness of the support
members 404, the exposed surfaces of the membranes 202 can be reliably and repeatably
positioned almost exactly at the focal plane of the detection system 170. Variability in the

dimensions of the bases 504 thereby do not affect the accuracy of the detection system 170. In
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other words, the membrane 202 disposed upon the top surface of the porous member 404 can
be located substantially at the focal plane of the detection system 170 on a consistent basis.
While described with respect to the base 504, the base 554 has similar openings 586 that may

be used in conjunction with the posts 790.

[00162] In another embodiment, posts are disposed upon and extend from the bottom surface
of the container/holder. The base of a cup is disposed above the posts so that the posts pass
through the corresponding apertures formed in the base. The height of the posts can be
adjusted so that the membrane is in a substantially horizontal plane and at a certain height
within a specified tolerance from the bottom surface of the container/holder. Thus, the

membrane can be at or near the focal plane of the detection system.

[00163] The systems and methods described herein can be used to detect the presence and/or
quantity of viable cells (for example, prokaryotic cells or eukaryotic cells) in a liquid sample.
The method can be used in combination with a cell capture system and/or an optical detection
system for detecting the presence of viable cells in a cell sample. The method can be used in a
method to measure the bioburden (e.g., the number and/or percentage and/or fraction of viable
cells (for example, viable microorganisms, for example, bacteria, yeast, and fungi)) of a

particular sample of interest.

[00164] The invention provides a method of determining the presence and/or amount of cells
in a liquid sample. The method comprises the steps of: (a) capturing cells, for example, viable
cells, present in the sample on the any one of the cell capture system and/or the cell capture cup
disclosed hereinabove; and (b) determining the presence or amount of cells captured in step (a).
The method can further comprise the step of labeling, for example, selectively labeling, the
captured cells with a detectable moiety, for example, a fluorescent label (fluorescent moiety).
The determining step can utilize an optical detector, for example, a fluorescence detector. The
invention also provides a method of detecting presence of viable cells, and/or measuring the
viability of cells, in a liquid sample. The method comprises the steps of: (a) capturing cells
present in the sample and/or the cell capture cup disclosed above; (b) selectively labeling
captured viable cells; and detecting the presence of cells labeled in step (b) and/or measuring
the viability of cells labeled in step (b). The cells can be labeled using at least one of a viability
stain and a viability staining system, each of which can comprise a fluorescent moiety. The
labeled viable cells can be detected with an optical detector, for example, a fluorescence

detector.
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[00165] The invention also provides a method of detecting the presence and/or quantity of
viable cells in a liquid sample. The method comprises (a) labeling with a fluorescent label any
viable cells retained by at least a portion of a substantially planar porous membrane after
passing the liquid sample through the portion of the substantially planar porous membrane with
a fluorescent label; (b) scanning the portion of the porous membrane by rotating the porous
membrane relative to a detection system comprising (1) a light source emitting a beam of light
of a wavelength adapted to excite the fluorescent label to produce an emission event, and (ii) at
least one detector capable of detecting the emission event, thereby to interrogate a plurality of
regions of the planar porous membrane and to detect emission events produced by excitation of
fluorescent label associated with any viable cells; and (c) determining the presence and/or

quantity of viable cells captured by the membrane based upon the emission events detected in

step (b).

[00166] The scanning step can comprise tracing at least one of a nested circular pattern and a
spiral pattern on the porous membrane with the beam of light. It is understood that during the
scanning step, the porous membrane may move (for example, via linear translation) while the
detection system remains static. Alternatively, the detection system may move (for example,
via linear translation) while the porous membrane rotates about a single point (i.c., the porous
membrane rotates about a single rotational axis). Alternatively, it is possible that both the
porous membrane and the detection may move and that their relative positions are measured

with respect to one another.

[00167] During operation, the membrane holder 700 and the membrane are rotated at a
constant speed, and the speed can range from about 1 rpm to about 5,000 rpm, from about 1
rpm to about 1,000 rpm, from about 1 rpm to about 750 rpm, from about 1 rpm to about 500
rpm, from about 1 rpm to about 400 rpm, from about 1 rpm to about 300 rpm, from about 1
rpm to about 200 rpm, from about 1 rpm to about 100 rpm, from about 1 rpm to about 50 rpm,
20 rpm to about 5,000 rpm, from about 20 rpm to about 1,000 rpm, from about 20 rpm to about
750 rpm, from about 20 rpm to about 500 rpm, from about 20 rpm to about 400 rpm, from
about 20 rpm to about 300 rpm, from about 20 rpm to about 200 rpm, from about 20 rpm to
about 100 rpm, from about 20 rpm to about 50 rpm, 30 rpm to about 5,000 rpm, from about 30
rpm to about 1,000 rpm, from about 30 rpm to about 750 rpm, from about 30 rpm to about 500
rpm, from about 30 rpm to about 400 rpm, from about 30 rpm to about 300 rpm, from about 30
rpm to about 200 rpm, from about 30 rpm to about 100 rpm, or from about 30 rpm to about 50

rpm.
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[00168] Similarly, the rotating membrane may be translated relative to the detection system
at a constant linear velocity, which may or may not be dependent on the rotational speed. The
linear velocity can vary from about 0.01 mm/min to about 20 mm/min, from about 0.01
mm/min to about 10 mm/min, from about 0.01 mm/min to about 5 mm/min, from about 0.01
mm/min to about 2 mm/min, from about 0.01 mm/min to about 1 mm/min, from about 0.01
mm/min to about 0.5 mm/min, from about 0.06 mm/min to about 20 mm/min, from about 0.06
mm/min to about 10 mm/min, from about 0.06 mm/min to about 5 mm/min, from about 0.06
mm/min to about 2 mm/min, from about 0.06 mm/min to about 1 mm/min, from about 0.06
mm/min to about 0.5 mm/min, from about 0.1 mm/min to about 20 mm/min, from about 0.1
mm/min to about 10 mm/min, from about 0.1 mm/min to about 5 mm/min, from about 0.1
mm/min to about 2 mm/min, from about 0.1 mm/min to about 1 mm/min, from about 0.1
mm/min to about 0.5 mm/min, from about 0.6 mm/min to about 20 mm/min, from about 0.6
mm/min to about 10 mm/min, from about 0.6 mm/min to about 5 mm/min, from about 0.6

mm/min to about 2 mm/min, or from about 0.6 mm/min to about 1 mm/min.

[00169] FIG. 17A is a schematic representation of cells that have been stained with the
viability staining procedure described herein. The cells are exposed to a membrane permeable
fluorescent dye that permeates both viable (live) and non-viable (dead) cells. When exposed to
the membrane impermeable quencher, the quencher only permeates and resides within the non-
viable cells to create a non-fluorescent dye-quencher complex where the fluorescent dye in the
non-viable cells is quenched and does not create a substantial emission event that can be
detected by the detection system. In contrast, the fluorescent dye in the viable cells are not
quenched and can create a substantial cmission cvent that can be detected by the detection
system. In this figure, the fluorcscent dye and the fluorcscence quencher bind to cach other to
form a complex. In this procedure, the viable cells create fluorescence events that are

significantly larger (brighter) than those created by the dead cells.

[00170] FIG. 17B is a schematic representation of cells that have been stained with the
viability staining procedure as described for FIG. 17A. However, in this embodiment, both the
fluorescent dye and the fluorescence quencher bind to a nucleic acid within the cell, for
example, DNA or RNA (e.g., mRNA or tRNA). The membrane permeable fluorescent dye
permeates both viable (live) and non-viable (dead) cells, and the membrane impermeable
quencher only permeates and resides within the non-viable cells to create a nucleic acid bound
non-fluorescent dye-quencher complex. As a result, the fluorescent dye within he non-viable
cells is quenched and does not create a substantial emission event that can be detected by the

detection system. In contrast, the fluorescent dye in the viable cells is not quenched and can
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create a substantial emission event that can be detected by the detection system. As a result,
the viable cells create fluorescence events that are significantly larger (brighter) than those

created by the dead cells.

[00171] Anillustrative view of cells stained by the methods described herein (e.g., as
presented schematically in FIGS 17A and 17B) is shown in FIG. 18. A region 1110 being
interrogated by the detection system contains bright viable cells 1120 and dark non-viable cells
1130. The number, magnitude and location of the fluorescent events can be captured digitally
and represented in a form that permits the operator to quantify (for example to determine the
number of, percentage of) viable cells in a sample and/or otherwise to determine the bioburden

of a particular sample.

[00172] As noted above, in certain embodiments, the cell capture system, the staining
method, and the detection step can include or use a plurality of detectable particles, for
example, fluorescent particles. The particles can be used as part of a positive control system to
ensure that one or more of the cell capture system, the cell capture method, the detection
system, and the method of detecting the viable cells are operating correctly. The fluorescent
particles can be adapted to be excited by light having a wavelength at least in a range from
about 350 nm to about 1000 nm. For example, the wavelength is at least in one range from
about 350 nm to about 600 nm, from about 400 nm to about 650 nm, from about 450 nm to
about 700 nm, from about 500 nm to about 750 nm, from about 550 nm to about 800 nm, from
about 600 nm to about 850 nm, from about 650 nm to about 900 nm, from about 700 nm to
about 950 nm, from about 750 to about 1000 nm. Certain ranges include from about 350 nm to

about 600 nm and from out 600 nm to about 750 nm.

[00173] Depending upon the design of the cell capture system, the particles can be pre-
disposcd upon at lcast a portion of the porous membranc or disposcd within a well formed in a
mask associated with the membrane. Alternatively, the particles (for example, the fluorescent
particles) can be mixed with a liquid sample prior to passing the sample through the porous
membrane. In such an approach, the fluorescent particles can be dried in a vessel that the
sample of interest is added to. Thereafter, the particles can be resuspended and/or dispersed
within the liquid sample. Alternatively, the fluorescent particles can be present in a second
solution that is mixed with the sample of interest. Thereafter, the particles can dispersed within
the liquid sample. The particles, for example, a plurality of particles, can then be captured on

the porous membrane along with the cells in the cell sample, which acts as a positive control
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for the cell capture system. The particles, for example, the fluorescent particles, can be

detected once they emit a fluorescent event upon activation by light from the light source.

[00174] Using the staining protocols described herein, it is possible to determine the number
of viable cells in at least a portion of the cell sample, for example, a liquid sample. The liquid
sample can be, for example, a water sample, a comestible fluid (e.g., wine, beer, milk, baby
formula or the like), a body fluid (e.g., blood, lymph, urine, cerebrospinal fluid or the like),
growth media, a liquid sample produced by harvesting cells from a source of interest (¢.g., via a
swab) and then dispersing and/or suspending the harvested cells, if any, a liquid sample, for
example, buffer or growth media. Furthermore, the detection system can be used to determine

the location(s) of the viable cells on the permeable membrane, as described above.

[00175] After the detection step, the viable cells can be cultured under conditions that permit
growth and/or proliferation of the viable cells (e.g., microorganisms) captured by the porous
membrane. The genus and/or species of the viable organisms can be determined by standard
procedures, for example, microbiological staining and visualization procedures, or molecular
biological procedures, for example, amplification procedures including polymerase chain
reaction, ligase chain reaction, rolling circle replication procedures, and the like, and by nucleic

acid sequencing.
EXAMPLES

[00176] The invention now being generally described, will be more readily understood by
reference to the following examples, which are included merely for purposes of illustration of
certain aspects and embodiments of the present invention, and are not intended to limit the

scope of the invention in any way.

EXAMPLE 1 - Imaging of Viable and Non-viable E. coli on a Solid Support using a

Fluorescent Probe and a Quencher Wash

[00177] This Example demonstrates that it is possible to selectively stain and image viable

bacteria (£. coli) on a solid support using a fluorescent probe and a single quencher wash.

[00178] Viable and non-viable £. coli cell fractions were prepared by picking a colony
cultured on a conventional media plate and then transferring the cells into Phosphate Buffered
Saline (PBS). The cells then were suspended by vortexing and then were further diluted in
PBS to give a turbidity equivalent to a 1.0 McFarland standard. This stock solution served as

the live cell fraction. An aliquot of the live cell fraction was transferred to a glass tube that was
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placed into a boiling water bath for about 15 minutes to heat kill the E. coli. The tube was
removed from the bath and allowed to cool to room temperature. This heat killed suspension

served as the dead cell fraction.

[00179] A fluorescent stain solution was prepared as a 0.005mM solution of Oxazine 170
perchlorate (Sigma-Aldrich, St. Louis, MO) in PBS containing a 1:100,000 dilution of 10% w/v
0.8um Sky Blue latex fluorescent particles (Spherotech, Lake Forest, IL). A scparate quencher
wash solution was preparcd as a 10 mM Sodium ascorbate (Sigma-Aldrich, St. Louis, MO)

solution in PBS.

[00180] The live and dead cell fractions were diluted separately 1:1000 into 10 mL PBS and
filtered through separate 0.2 pm black Cyclopore membranes (Whatman, Sanford, ME) to
capture the cells on each membrane using a vacuum system. Both membranes were then
stained for about 3 minutes with 5 mL of the stain solution which was then filtered through the

membrane. Each membrane was then rinsed with a 10 mL fraction of quencher wash.

[00181] The cells then were imaged using a fluorescent microscope (Carl Zeiss, LLC —
Thormwood, NY) with an excitation of 575 nm — 625 nm and measured emission of 660 nm —
710 nm. FIG. 19A is a fluorescent image showing the live cell population. In the viable cells,
the impermeable quencher (sodium ascorbate) was excluded from the viable cells. As a result,
the viable cells were stained brightly, as were the fluorescent latex particles, which acted as a
positive control. FIG. 19B shows an image created using the heat killed cells. The heat killed
cells were permeated by the ascorbate quencher, which resulted in the quenching of the
fluorescent signal and a loss of fluorescence. The positive control latex particles can be seen in
FIG. 19B, which validates that the membrane functioned to capture the particles, the surface of
the membrane was in focus, and the image had been captured under equivalent lighting

conditions and parameters.

EXAMPLE 2 - Discrimination of Viable and Non-viable E. coli Cells Using a Fluorescent
Probe and Two Photo-Induced Electron Transfer (PET) Quenchers

[00182] This Example demonstrates that it is possible to selectively stain and image viable

bacteria (E. coli) in solution with a fluorescent probe and two PET quenchers.

[00183] The viable and heat killed E.coli were preparations were prepared as described in
Example 1. The heat killed E. coli suspension was then combined with the viable cell
suspension and mixed by vortexing. The resulting cell suspension served as the viable and
non-viable E. coli solution.
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[00184] A fluorescent probe-quencher stain was prepared as a solution consisting of
0.005mM Oxazine 170 perchlorate (Sigma-Aldrich, St. Louis, MO), 0.4mM p-Sulfonic
calix[6]arene (TCI America, Portland, OR), 100mM Sodium ascorbate (Sigma-Aldrich, St.
Louis, MO) in PBS.

[00185] The viable and non-viable E. coli suspension was then diluted 1:1000 into the
fluorescent probe-quencher solution to stain the cells. After incubation for approximately 5
minutes, a droplet of the stained ccll solution was placed onto a microscope slide and imaged

on a fluorescent microscope (Carl Zeiss, LLC, Thornwood, NY).

[00186] FIGS. 20A and 20B show a combincd image of the viablec and non-viable stained E.
coli captured under phase contrast (FIG. 20A) as well as fluorescent conditions (excitation
575-625nm, emission 660-710nm) (FIG. 20B). The viable and non-viable cells were
indistinguishable in phase contrast but under fluorescent conditions the viable cells were
brightly fluorescent whereas the non viable cells were not. The membrane impermeable
quenchers, p-Sulfonic calix[6]arene and sodium ascorbate, permeated the non-viable cell

membranes resulting in an effective quenching of fluorescence.

EXAMPLE 3 - Discrimination Between Viable and Non-viable E. coli Using a
Fluorescent Probe, a Photo-Induced Electron Transfer (PET) Quencher, and a

Fluorescence Resonance Energy Transfer (FRET) Quencher

[00187] This Example demonstrates that it is possible to selectively stain and image viable
bacteria (E. coli) in solution with a fluorescent probe and a combination of a PET quencher and

FRET quencher.

[00188] A cell suspension containing both viable and non-viable E. coli cells was produced
as described in Example 2. A fluorescent probe-quencher stain was prepared as a solution
consisting of 0.005 mM Oxazine 170 perchlorate (Sigma-Aldrich, St. Louis, MO), 0.2mM IR-
783 (Sigma-Aldrich, St. Louis, MO), 100mM 5’ Guanosine monophosphate (Sigma-Aldrich, St.
Louis, MO) in PBS.

[00189] The viable and non-viable £. coli suspension was then diluted 1:1000 into the
fluorescent probe-quencher solution to stain the cells. After an incubation of approximately 5
minutes, a droplet of the stained cell solution was placed onto a microscope slide and imaged

on a fluorescent microscope (Carl Zeiss, LLC, Thornwood, NY).
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[00190] FIGS. 21A and 21B show a combined image of the viable and non-viable stained .
coli captured under phase contrast (FIG. 21A) as well as fluorescent conditions (excitation
575-625nm, emission 660-710nm) (FIG. 21B). The viable and non-viable cells were
indistinguishable in phase contrast, but under fluorescent conditions the viable cells were
brightly fluorescent, whereas the non-viable cells were not. The membrane impermeable
quenchers permeated the non-viable cell membranes resulting in an effective quenching of

fluorescence.

EXAMPLE 4 - Imaging of Viable Microbes (E. coli and Candida albicans) on a Rotating

Membrane Using a Fluorescent Probe and a Quencher Wash

[00191] This Example demonstrates that it is possible to selectively stain and image viable
microbes with a fluorescent probe and a quencher wash on using a detection system shown

schematically in FIG. 1A.

[00192] A solution of viable microbes was prepared by combining a 550 CFU Bioball of E.
coli and a 550 CFU Bioball of Candida albicans (bioMerieux — Durham, NC) in a PBS
solution. The solution was vortexed briefly to suspend the cells. The suspension then was
filtered through a 0.2 um black Cyclopore membrane (Whatman — Sanford, ME) by using a
vacuum system to capture the cells on the membrane. The cells were captured upon a porous
membrane disposed upon a porous support member, for example, as shown in FIGS. 4A and

4B, by passing the solution through the membrane and porous support member.

[00193] A fluorescent stain solution was prepared as a 0.005 mM solution of Oxazine 170
perchlorate (Sigma-Aldrich, St. Louis, MO) in PBS. A separate quencher wash solution was
prepared as a 50 mM Sodium ascorbate (Sigma-Aldrich, St. Louis, MO) solution in PBS. The
captured cells were then incubated with 5 mL of the stain solution for about 5 minutes. The

stain was filtered through the membrance and followed with 20 mL of quencher wash solution.

[00194] The resulting membranc then was transferred to the platform of a detection system
shown schematically in FIG. 1. The membrane was rotated at 5 revolutions per second, and
the fluorescent events were detected via the detection system. FIG. 22 shows a small portion
of the scanned surface in which the viable populations of E. coli and C. albicans are clearly

visible as bright fluorescent events.
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EXAMPLE 5 - Discrimination Between Viable and Non-viable Microorganisms Using a

Nucleic Acid Binding Fluorescent Probe and a Nucleic Acid Binding Quencher

[00195] This example demonstrates that it is possible to selectively stain and image viable
microorganisms (E. coli, S. aureus, C. albicans) by using a nucleic acid binding membrane
permeable fluorescent dye paired with a nucleic acid binding membrane impermeable

quencher.

[00196] Ccll suspensions of viable and non-viable E. coli, S. aureus, and C. albicans were
prepared by picking colonics of cach respective microorganism from a conventional cultured
media plate and transferring the cells into separate glass tubes containing 0.9 % (w/v) NaCl.
The cells then were suspended by vortexing and then were further diluted in saline to give a
turbidity equivalent to a 2.0 McFarland standard. These suspensions served as the live cell
fractions. An aliquot of each live cell fraction was transferred to a separate glass tube that was
then placed into a heat block at 80°C for 2 hours. The tube was removed from the bath and
allowed to cool to room temperature. These heat killed cell suspensions served as the dead cell

fractions.

{668197] Quencher Q16 can be prepared according to a modified method from Beletskaya et.
al. (2005) Eur. J. Org. Chem. 2485, 3%1-305. Briefly, 1| mmol of 1,4,5.8,-
tetrachloroanthraquinone (Pure Chemistry Scientific, Sugarland, TX), 0.08 mmol of
tris{dibenzylidencacetone)dipalladium (0) (Sigma-Aldrich, St. Louis, MO}, 8.16 wamol of 2,2'-
bis{diphenylphosphine}-1,1-binaphthyl (Sigma-Aldrich, St. Louis, MO}, 5 mmo! of 3-
{diracthylarsino)-1-propylamine (Sigma-Aldrich, St. Louis, MO, and 5 ramol of caesium
carbonate {Sigma-Aldrich, St. Louis, MO} is combined info 5 mi of dioxane (Sigma-Aldrich,
St. Louis, MO}. The nuxture is stirred under nitrogen in a scaled vessel at 100°C for 24 brs.
The resulting suspension 1s filtered and the filtrate diluted into 100 k. of 5% (w/v} agueous
potassium carbonate. The resulting precipitate can be collected by centritfugation. The
resulting pellet can then be dissolved in 3 mL of T-methyl-2-pyrrolidinone (Sigma-Aldrich, St.
Louis, MO} and the alkyl amines quaternized by mixing in an excess molar amount of methyl
p-toluenesulfonate (Sigma-Aldrich, St. Louis, MO) and stirring at 60°C for 6 hrs. The solution
is dituted into 100 mL of acetone (Sigma-Aldrich, St. Louis, MO} and the crude product

precipitated as a blue solid, and can be used as is.

{66198] Quencher Q17 can be prepared based on a modified version of the synthetic
procedures described in U.S. Patent No. 5,342,974. Briefly, 1 mmol of 1,4,5,8,-

Tetrachloroanthraquinone (Pure Chemistry Scientific, Sugarland, TX), 0.10 mmol of copper
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sulfate {(Sigma-Aldrich, St. Louis, MO}, Smmel benzyl alcohol (Sigma-Aldrich, St. Louis,
MO}, 5 munel potassium acetate {Sigma-Aldrich, St. Louis, MO}, and 5 ramol of 3-
{dimethylamino)-1-propyiamine {Sigma-Aldrich, St. Louis, MO) are combined into 10 mL of
2-ethoxyethanol {Sigma-Aldrich, St. Louis, MO}. The stirred mixture is then heated at 130° C
under nitrogen in a scaled vessel for 10 hours. The resulting suspension can be filtered and the
resulting filirate diluted into 100 mL of 5% w/v aqueous potassium carbonate. The resulting
precipitate can be collected by centrifugation. The pellet is dissolved into 5 mL of 1-methyl-2-
pyrrolidinone (Sigma-Aldrich, St. Louis, MO} and the alkyl amines gquaternized by mixing in
an excess molar amount of methy! p-toluencsalfonate (Sigma-Aldrich, St. Louis, MO) and
stirring at 60° C for & hrs. The solution is diluted into 100 mL of acetone {Sigma-Aldrich, St.

Louis, MO} and the crude product precipitated as a blue-green solid.

{383199] Quencher Q18 can be prepared according to the combined methods from F. Y.
Kwong, et. al. (2002) Org. Lett., Vol. 4, No. 4, 581-584 and Griffiths, et. al. (1999) Dyes and
Pigments, 42, 29-34). Briefly, 1 mmol of iodobenzene {Sigma-Aldrich, St. Louis, MO}, 1.1
ol of NN, N'-trimethyl-1,3-propanediamine {Sigma-Aldrich, St. Louis, MO}, 2 mmol
ethylene glyeol (Sigma-Aldrich, St. Louis, MO}, .18 mmel copper (I} indide (Sigma-Aldrich,
St. Louis, MO}, and 2 mymol of tripotassium phosphate (Sigma-Aldrich, St. Louis, MO} are
combined into 5 mL of isopropanoi (Sigma-Aldrich, St. Louis, MO}. The reaction mixture is
refluxed for 24 hs, cooled to room temperature and filtered. The solvents are evaporated under
reduced pressure. Half of the crude product s dissolved into concentrated HCI {Sigma-
Aldrich, St. Louis, MO} in a cooled ice bath. To the solution 1s added a stowchiometric amount
of sodium nitrite (Sigma-Aldrich, St. Louis, MO}, keeping the teraperature under 57 C. The
mixture then is stirred for 1 hr and a saturating amount of sodium chloride {(Sigma-Aldrich, St.

Louis, MO} is added. The nitrosylated product precipitated can be collected by filtration.

[B82006] A stoichiometric amount of the mitrosylated fraction is combined with the non-
nitrosylated fraction in acetic anhydride and stirred at room temperature until judged to be
complete by T.L.C. analysis. The product is collected by precipitation in diethyl ether {Sigma-
Aldrich, St. Louis, MO). The precipitate then is resuspended in 1-methyl-2-pyrrolidinone
(Sigma-Aldrich, St. Louis, MO} and the alkyl amines quaternized by mixing in an excess molar
amount of methyl p-toluenesulfonate. The mixture is reacted for 8 hours at room temperature
and then the product is collected by precipitation in diethy] ether (Sigma-Aldrich, St. Louis,

MO) as a dark green solid.
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Fluorescent dye-quencher solutions (see TABLE V, which refers to dyes and

quenchers identified in TABLES 1 and I1, respectively) were formulated at a concentration of
5 uM fluorescent dye and 50 uM quencher in 0.9% (w/v) NaCl. An aliquot from a live cell
fraction of one species, and an aliquot from a dead cell fraction of another species were
combined into the fluorescent dye-quencher solution such that the each fraction was diluted
1:100 from its respective stock concentration. The resulting mixed cell suspension then was
incubated at room temperature for approximately five minutes to stain the cells. A droplet of
the stained cell solution then was placed onto a microscope slide and imaged on a fluorescence
microscope (Carl Zeiss, LLC — Thornwood, NY) utilizing the excitation/emission filters
appropriate for each fluorescent dye. The fluorescent dyes and quencher pairs, the
excitation/emission filters used, and the microorganisms tested in each entry summarized in

TABLE V.

TABLE V
DY QLY | Live- £ coli "Ex. 365nm.
Dead - S. aureus Em. - 420-470 nm
2 D10 Q19 Live - C. albicans Ex. — 365 nm
Dead - E. coli Em. - 420-470 nm
3 D18 Q16 Live - S. aureus Ex. - 575-625 nm
Dead - E. coli Em. - 660-710 nm
4 D26 Qlé6 Live - E. coli Ex. - 575-625 nm
Dead - S. aureus Em. - 660-710 nin
5 D42 Q16 Live - E. coli Ex. - 575-625nm
Dead - S. aureus Em. - 660-710 nm
[00202] The captured images, both phase contrast and fluorescent, for cach fluorescent dye-

quencher pair sct forth in TABLE V arc shown in FIGS. 23A-J, where FIGS. 23A and B
correspond to phase contrast and fluorescence images, respectively, for Experiment 1, FIGS.
23C and D correspond to phase contrast and fluorescence images, respectively, for Experiment
2, FIGS. 23E and F correspond to phase contrast and fluorescence images, respectively, for
Experiment 3, FIGS. 23G and H correspond to phase contrast and fluorescence images,
respectively, for Experiment 4, and FIGS. 231 and J correspond to phase contrast and
fluorescence images, respectively, for Experiment 5. In each experiment, the membrane

impermeable nucleic acid binding quencher was excluded by the intact cellular membrane of a
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viable cell resulting in brightly fluorescent, easily distinguishable population of viable cells.
The dead cells however, were permeated by the nucleic acid binding quencher thus allowing
the co-binding of fluorescent dye and quencher to nucleic acids in the dead cells resulting in a

dark non-fluorescent complex.

EXAMPLE 6 - Imaging of Viable Microbes Using a Nucleic Acid Binding Fluorescent
Probe and a Nucleic Acid Binding Quencher

[00203] This example demonstrates that it is possible to sclectively stain and image viable
microorganisms (£. coli and S. aureus) by using a nucleic acid binding membranc permeable
fluorescent dye paired with a nucleic acid binding membrane impermeable quencher and then
image the viable cells using either an epifluorescent microscope or a detection system

described herein where viable cells are detected on a rotating membrane.

[00204] Cell suspensions of viable and non-viable E. coli and S. aureus were prepared by
picking colonies of each respective microorganism from a conventional cultured media plate
and transferring the cells into separate glass tubes containing 0.9 % (w/v) NaCl. The cells then
were suspended by vortexing and then were further diluted in saline to give a turbidity
equivalent to a 2.0 McFarland standard. These suspensions served as the live cell fractions.
An aliquot of each live cell fraction was transferred to a separate glass tube that was then
placed into a heat block at 80°C for 2 hours. The tube was removed from the bath and allowed
to cool to room temperature. These heat killed cell suspensions served as the dead cell

fractions.

[00205] Fluorescent dye-quencher solutions (see, TABLE VI, which refers to dyes and
quenchers identified in TABLES 1 and II, respectively) were formulated at a concentration of
5 uM fluorescent dye and 50 uM quencher in 10 uM Tris, 0.9% (w/v) NaCl, pH 7.4. For
experiment numbers 1 and 2 in TABLE VI, an aliquot from a live cell fraction of one specics,
and an aliquot from a dead cell fraction of another species were combined into the fluorescent
dye-quencher solution such that the each fraction was diluted 1:100 from its respective stock
concentration. The resulting mixed cell suspension then was incubated at room temperature for
approximately fifteen minutes to stain the cells. A droplet of the stained cell solution then was
placed onto a microscope slide and imaged on a fluorescence microscope (Carl Zeiss, LLC —

Thornwood, NY) utilizing the excitation/emission filters appropriate for each fluorescent dye.

[00206] To image the viable microorganisms on a rotating membrane, an aliquot from the

live cell fraction of E. coli and an aliquot from the dead cell fraction of S. aureus were
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suspended in a solution of 10 uM Tris, 0.9% (w/v) NaCl, pH 7.4 and then filtered through an
assembly depicted in FIG. 10A that contained a gold sputtered PET 0.45 um membrane. The
cells captured on the membrane were then exposed to a 2 mL volume of fluorescent dye and
quencher solution (see, TABLE VI, Experiment No. 3) and incubated at room temperature for
5 fifteen minutes to stain the cells. The stain solution was evacuated by vacuum filtration and the
assembly depicted in FIG. 10C was placed into a holder depicted in FIG. 14A and then imaged
with a detection system depicted in FIG. 1A where the membrane was rotated at a speed of
about 5 revolutions per second (300 revolutions per minute). The fluorescent dyes and
quencher pairs, the excitation/emission filters used, and the microorganisms tested in each

10 experiment are summarized in TABLE VI

TABLE VI

b

Live - S. aureus Ex. - 575-625 nm
Dead - E. coli Em. - 660-710 nm

2 D17 Q17 Live - E. coli Ex. - 575-625 nm
Dead - S. qureus Em. - 660-710 nm

3 D17 Q17 Live - E. coli Ex. - 640nm
Dead - S. aureus Em. - 660nm-690nm

[00207] The captured images, both phase contrast and fluorescent, for each fluorescent dye-
quencher pair set forth in TABLE VI, are set forth in FIG. 24, where FIG 24A and B

15 correspond to phase contrast and fluorescence images, respectively, for Experiment 1, FIG
24C and D correspond to phase contrast and fluorescence images, respectively, for Experiment
2, and FIG 24E corresponds to the fluorescence image for Experiment 3. In each experiment,
regardless of the imaging technique (via epifluorescent microscope or detection by a system
depicted in FIG 1A), the membrane impermeable nucleic acid binding quencher was excluded

20 by the intact cellular membrane of a viable cell resulting in brightly fluorescent, easily
distinguishable population of viable cells. The dead cells, however, were permeated by the

nucleic acid binding quencher resulting in a dark, non-fluorescent complex.
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EQUIVALENTS

[00209] The invention may be embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing embodiments are therefore to be
considered in all respects illustrative rather than limiting the invention described herein.
Various structural elements of the different embodiments and various disclosed method steps
5  may be utilized in various combinations and permutations, and all such variants are to be
considered forms of the invention. Scope of the invention is thus indicated by the appended
claims rather than by the foregoing description, and all changes that come within the meaning

and range of equivalency of the claims are intended to be embraced therein.
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CLAIMS:

1. A method of detecting viable cells in a cell sample, the method comprising the steps of:

(a) exposing cells in the cell sample to (i) a membrane permeable nucleic acid binding
fluorescent dye under conditions that permit the fluorescent dye to permeate both viable and non-
viable cells, and (ii) a membrane impermeable nucleic acid binding fluorescence quencher
capable of quenching fluorescence produced by the fluorescent dye under conditions to permit
the quencher to selectively permeate non-viable cells but not viable cells, wherein the fluorescent
dye and the fluorescence quencher bind to nucleic acid within a non-viable cell to form a
complex that is substantially non-fluorescent;

(b) after step (a), exposing the cells to light having a wavelength capable of exciting the
fluorescent dye to produce a fluorescent emission; and

(¢) detecting the fluorescent emission, if any, from the cells with a detector, wherein the
fluorescent dye within the non-viable cells emits substantially less fluorescence than the
fluorescent dye within the viable cells, thereby to detect the viable cells in the cell sample,

wherein the viable cells are microorganisms.

2. A method of detecting viable cells in a cell sample, the method comprising the steps of:

(a) exposing cells in the cell sample to (i) a membrane permeable nucleic acid binding
fluorescent dye under conditions that permit the fluorescent dye to permeate both viable and non-
viable cells, and (ii) a membrane impermeable nucleic acid binding fluorescence quencher
capable of quenching fluorescence produced by the fluorescent dye under conditions to permit
the quencher to selectively permeate non-viable cells but not viable cells, wherein the fluorescent
dye has an emission spectrum that overlaps the absorbance spectrum of the fluorescence
quencher so that, when the fluorescent dye and the fluorescence quencher both bind to nucleic
acid within a non-viable cell to form a complex, the complex is substantially non-fluorescent
when exposed to light having a wavelength capable of exciting the fluorescent dye to produce a
fluorescent emission;

(b) after step (a), exposing the cells to light having a wavelength capable of exciting the

fluorescent dye to produce a fluorescent emission; and
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(c) detecting the fluorescent emission, if any, from the cells with a detector configured to
preferentially detect a detectable emission from the fluorescent dye rather than a detectable
emission from the quencher so that the detectable emission from the quencher, if created, is no
greater than 50 % of the detectable emission from the fluorescent dye, wherein the non- viable
cells emit substantially less fluorescence detected by the detector than the viable cells, thereby to

detect the viable cells in the cell sample, wherein the viable cells are microorganisms.

3. The method of claim 2, wherein the detectable emission from the quencher, if created, is

no greater than 30 % of the detectable emission from the fluorescent dye.

4. The method of claim 2, wherein the quencher, when exposed to the light in step (b), does

not emit a fluorescent event that is detectable by the detector.

5. The method of any one of claims 1-4, wherein, in step (a), the cells are exposed to the
fluorescent dye and then exposed to fluorescence quencher, or in step (a), the cells are exposed to

the fluorescent dye and the fluorescence quencher at the same time.

6. The method of any one of claims 1-5, wherein the fluorescent dye and the fluorescence

quencher bind one another within the cell.

7. The method of any one of claims 1-6, wherein, during step (a), a plurality of different

fluorescent dyes and/or fluorescence quenchers are exposed to the cells.

8. The method of any one of claims 1-7, wherein the non-viable cells emit substantially no
fluorescence detectable by the detector, upon exposure to the light, or, the non-viable cells emit

substantially no fluorescence upon exposure to the light.

9. The method of any one of claims 1-8, wherein, during step (b), the light capable of
exciting the fluorescent dye has a wavelength in the range of from about 350 nm to about 1000

nm.
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10.  The method claim 9, wherein the wavelength is at least in one range from about 350 nm

to about 600 nm and from about 600 nm to about 750 nm.

11.  The method of any one of claims 1-10, wherein, in step (c), the fluorescent emission is

detected within a wavelength range of from about 350 nm to about 1000 nm.

12. The method of claim 11, wherein the fluorescent emission is detected within one range
selected from the group consisting of from about 350 nm to about 450 nm, from about 450 nm to
about 550 nm, from about 550 nm to about 650 nm, from about 650 nm to about 750 nm, from

about 750 nm to about 850 nm, and from about 850 nm to about 950 nm.

13.  The method of any one of claims 1-12, wherein the cells are captured on a porous

membrane.

14.  The method of claim 13, wherein the porous membrane is substantially non-auto
fluorescent when exposed to light having a wavelength in the range from about 350 nm to about

1000 nm.

15.  The method of any one of claims 1-12, wherein the cells are disposed upon a solid
support.

16. The method of claim 15, wherein the solid support is a microscope slide

17.  The method of any one of claims 1-12, wherein the cells are disposed within liquid.

18.  The method of claim 17, wherein the cells are disposed within an optical cell.

19.  The method of any one of claims 1-18 further comprising exposing the cells to a second,
different membrane permeable fluorescent dye that labels viable cells, non-viable cells or a

combination of viable and non-viable cells.
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20. The method of any one of claims 1-19, further comprising the step of combining the cells
in the sample with a plurality of fluorescent particles that emit a fluorescent signal upon

activation by light having a wavelength in the range of from about 350 nm to about 1000 nm.

21.  The method of claim 20 further comprising a step of detecting a fluorescent signal

produced by one or more of the fluorescent particles.

22.  The method of any one of claims 1-21 further comprising the step of determining the

number of viable cells in at least a portion of the cell sample.

23.  The method of any one of claims 1-22, wherein the cell sample is a liquid sample.

24.  The method of any one of claims 1-23 further comprising, after step (c), culturing the

cells under conditions that permit the growth and/or proliferation of the viable cells.

25.  The method of any one of claims 1-24, wherein the viable cells are bacteria, yeast or

fungi.

26.  The method of any one of claims 1-25 further comprising identifying the genus and/or

species of the microorganisms.
27.  The method of any one of claims 1-26, wherein the cells are cultured under conditions to
permit cell proliferation

(i) prior to step (a), during step (a), or prior to and during step (a), and/or, (ii) wherein the

cells are cultured under conditions to permit cell proliferation after step (a) but prior to step (b).
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