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APPARATUS AND METHODS FOR THREE-DIMENSIONAL TISSUE

MEASUREMENTS BASED ON CONTROLLED MEDIA FLOW

Cross Reference to Related Application

[0001] This application claims the benefit of priority under 35 U.S.C. §119(e) to U.S.

Provisional Application Serial Number 61/725,781 filed November 13, 2012, the entirety of

which is incorporated herein by reference.

Field of the Invention

[0002] The invention relates generally to apparatus and methods for conducting

analysis of three-dimensional cell samples (e.g., tissue samples).

Background

[0003] It has long been established that distinct differences in the metabolic phenotype

of cancer cells are linked to underlying mechanisms that provide a selective advantage for

survival and proliferation. However, the precise mechanisms that trigger tumorgenesis are

poorly understood. It has been postulated that glycolytic adaptation is a survival mechanism

that allow tumors to proliferate in a microenvironment characterized by low pH and oxygen

tension. These adaptations of "the Warburg shift" provide a selective advantage to the tumor

through increased glucose uptake and ATP synthesis in order to meet the demands for

biosynthesis, energy and reducing equivalents.

[0004] Recent advances in the development of instruments that measure the flux of key

analytes indicating aerobic metabolism ((¾), glycolysis (H+), and intermediary metabolism

(CO2) within the microenvironment may provide insight to the underlying mechanism of

malignant transformation. However, these systems are designed and optimized for use in cell-

based assays, may lack environmental control, and generally do not facilitate the measurement

of multicellular tissue samples because of constraints on chamber size, difficulty in

immobilization and perfusion of the sample.

[0005] Seahorse Bioscience, Billerica, Mass., launched the XF96 "Extracellular Flux

Analyzer" in 2007. Since that time the product has been adopted as a technology platform for



making quantitative measurements of mitochondrial function and cellular bioenergetics. XF

measurements are performed in a fully integrated instrument that measures the concentrations

of various analytes (( , H+, CO2) in the extracellular media of a cell based assay. Analyte

concentrations are measured non-invasively, within a small volume about the cells, providing

quantitative measurements for changes in analyte concentrations as a function of time from

which bioenergetic flux (example: d(Vdt=oxygen consumption rate, dpH/dt=extracellular

acidification rate) can be determined. XF measurements are based on a method in which a

small, temporary, measurement volume is created around the cells, or a sensor is placed in

close proximity to the cells. Measurements under these conditions amplifies changes in

concentrations allowing highly sensitive, time resolved measurements to be collected from a set

of optical sensors. Once the measurement is made, the plunger (probe) is lifted and the

medium around the cells is restored to its original condition. This nondestructive method allows

multiple measurements to be serially collected for a biological sample under various conditions

of stimulation (basal, environmental change, compound stimulus).

[0006] By measuring key metabolic parameters such as oxygen consumption rate

(OCR) and extracellular acidification rate (ECAR), a profile of the bioenergetic phenotype may

be developed based on the substrate and pathway (glycolysis or oxidative phosphorylation) for

generating energy and biosynthesis. The product allows quantitative measurements of

mitochondrial function and cellular bio-energetics of cells.

[0007] A need exists for a system that allows for measurement of key analytes of, for

example, aerobic metabolism, glycolysis and intermediary metabolism in multicellular tissue.

Summary of the Invention

[0008] The instrument and methods described herein allow the measurement of

bioenergetic parameters in tissue samples or cell populations, e.g., tumor tissue samples, to

generate its metabolic profile, thereby enabling, for example, a better understanding of the

mechanisms of malignant progression. Accordingly, embodiments of the invention enable

testing of physiologically relevant hypotheses that to date could not be tested otherwise, for

example, by enabling the measurement and quantification of phenotypic shifts in tumors.

[0009] Embodiments of the invention comprise an apparatus for conducting analysis of

three-dimensional cell samples. The apparatus may include a plate of wells that are loaded

with tissue samples which are tested by placing the plate in a machine specifically adapted as



disclosed herein to conduct assays in wells of the plate. The plate typically defines a plurality

of wells for holding respective samples and sample media, where at least one of the wells,

typically the entire array of wells, includes a sample nesting site disposed therein. A bore is

disposed above the nesting site, the bore being dimensioned to interfit with a plunger that

moves vertically down within the bore and within the sample media disposed in the well. In

practice it is preferred to maintain the well(s) or well plate in position on a stage or platform

and robotically move the plunger(s), but it is possible but not preferred to keep the plungers

stationary and move the plate. The structure also defines a media channel that is in fluid

communication with the sample nesting site. The media channel permits media displaced by

the plunger to flow through and expose the sample to fresh media as the plunger moves.

[0010] One or more of the following features may be included. The plunger preferably

moves relative to the nesting site to induce perfusion of media about the sample, preferably on

both the down and up stroke. Alternatively, the plunger and sample nesting site may move

together to expose the sample to different regions of media. The media channel may include a

fluid path that returns media perfused about the sample back to media disposed in the well.

The bore, sample nesting site, and/or media channel may be defined by a removable well insert.

[0011] The sample nesting site may include a media permeable platform defined by or

as a part of the removable well insert. The well may include a sump in fluid communication

with the media channel. The sample nesting site may be disposed within the sump where

media collects and flows through the media channel.

[0012] The media channel may include a fluid path defining a closed loop beneath the

surface of media in the well to permit media perfusive flow about the sample on both upward

and downward movement of a plunger within the bore. A check valve may be included in the

media channel to inhibit backflow of spent media from the channel to the sample during

upward movement of the plunger.

[0013] The apparatus may include sensors for detecting the concentration of solutes

secreted from or absorbed by the sample in the media disposed about the sample. The sensors

may be disposed at the bottom of at least one of the wells. The sensors may comprise

fluorophores sensitive to the concentration of one or more solutes in the media mounted on the

plungers to measure in regions adjacent the tissue sample, for example, oxygen, CO2 or H+

concentration. The sensors may comprise beads coated with specific binders of specific



cytokines, chemokines, hormones, or other biomolecules absorbed by or secreted from the

tissue which become immobilized on the beads. The beads may be probed in situ in a sump in a

well to enable detection of the concentrations of molecules of interest secreted or taken up by

the tissue. Alternatively, the beads may be separated from the media and analyzed. In some

embodiments, in place of beads, spotted antibodies may be disposed in a bottom portion of the

well in fluid connection with the media perfusing through the well. The spotted antibodies may

be used to detect other molecules of interest.

[0014] The apparatus may include plungers adapted for reciprocating movement within

the bores of respective wells. In a preferred embodiment, fluorophore sensors may be disposed

on the plungers for detecting the concentration of solutes in media disposed about the sample.

The sensors may measure the concentration of oxygen, carbon dioxide, and/or hydrogen ions

dissolved in media about the sample.

[0015] The plurality of wells may define a multi-well plate including, for example, 24

or 96 wells.

[0016] A source of oxygen, carbon dioxide, and/or a biologically inert gas may be in

fluid communication with media in a well or a headspace above the surface of media in the

wells for controlling the composition of gas in the headspace or in the media. A source of a

solution of a biologically active substance may be in fluid communication with media in wells

for exposing a sample to the substance.

[0017] A three-dimensional cell growth scaffold may be disposed on the sample nesting

site.

[0018] In another aspect, embodiments of the invention may include an apparatus for

conducting analysis of three-dimensional cell samples. The apparatus may include a well for

holding a sample and sample media, the well including a sample nesting site. A bore may be

disposed above the nesting site, the bore being dimensioned to interfit with a plunger that

moves vertically down within the bore and within media disposed in the well. The apparatus

may also include a media channel in fluid communication with the sample nesting site that

permits media perfusion about the sample, and a plunger adapted for reciprocal movement in

the bore to impel media perfusion about the sample.



[0019] The apparatus may optionally include a sensor for detecting the concentration of

a dissolved media component in media about the sample nesting site.

[0020] In yet another aspect, embodiments of the invention feature an insert for a well

of a culture plate for adapting the well to implement perfusion of a three-dimensional cell

culture sample disposed therein. The insert includes a structure defining (i) a sample nesting

site comprising a media-permeable platform, and (ii) disposed thereabove a bore dimensioned

to interfit with a plunger which moves vertically down within the bore and within media

disposed in a well. The insert may also define a media channel in fluid communication with

the sample nesting site, which permits media perfusion about the sample impelled by a plunger.

[0021] In another aspect, the embodiments of the invention feature a method of

experimenting with a three-dimensional cell culture sample, e.g., a tissue sample, biopsied

sample, or cell scaffold holding cells, so as to maintain viability of the sample and exercise

control over its microenvironment. The method includes providing a structure defining a well

including a sample nesting site, a bore dimensioned to interfit with a plunger disposed above

the sample nesting site, a media channel in fluid communication with the sample nesting site,

and a plunger adapted for reciprocal movement in the bore. A sample is placed on the sample

nesting site in medium within the well. The plunger is moved within the bore to impel media

flow about the sample and through the channel to perfuse the sample with media.

[0022] One or more of the following features may be included. A gas may be added to

the media or to headspace in the well above the media to modify the microenvironment about

the sample by altering dissolved gas composition. A solution of a biologically active substance

such as a drug, drug candidate, or toxin may be added to the media to modify the

microenvironment about the sample by exposing the sample to the biologically active

substance.

[0023] The concentration of one or more solutes in media about the sample may be

measured. A plurality of measurements separated in time may be made of the concentration of

one or more solutes in media about the sample.

[0024] A metered amount of one or more gases and/or one or more solutes may be

added to media in the well thereby setting the microenvironment in the medium about the

sample to a predetermined point. The microenvironment may be set to a hypoxic condition.

An oxygen scavenger may be added to the medium.



[0025] A human biopsied tissue sample may be placed on the nesting site, potential

therapeutic drugs may be added to the media, and the effect of the drugs on the sample may be

assessed.

[0026] The sample may be a tumor sample, and a metered amount of one or more gases

and/or one or more solutes may be added to media in the well thereby to set the

microenvironment in the medium about the sample to a predetermined point simulating the

microenvironment of the tumor sample in vivo.

[0027] The method may be multiplexed by providing a plurality of the wells including

sample nesting sites, bores dimensioned to interfit with plungers disposed above the respective

sample nesting sites, media channels in fluid communication with each of the sample nesting

site, and plungers adapted for reciprocal movement in each of the bores. Sample may be placed

on the sample nesting sites in media within each of a plurality of wells. The plurality of

plungers may be moved within the bores to impel media flow about the samples and through

the channels thereby to perfuse the samples with media. The concentration of one or more

solutes in media about the samples in the plurality of the wells may be measured one or more

times.

Brief Description of the Drawings

[0028] Figures l a and lb, are schematic, cross sectional views of a single well of a

multi-well plate, with a plunger in the down position (la) and up position (lb) and an insert

disposed therein, in accordance with an embodiment of the invention. Figure l c shows the

bottom of the insert in cross section.

[0029] Figure Id is a schematic cross-sectional view of an insert and a bottom portion

of the insert in accordance with an embodiment of the invention showing certain currently

preferred dimensions.

[0030] Figures l e and If are schematic cross sectional views of two embodiments of

the lower portion of a single well of a multi-well plate with an insert disposed therein, showing

a sample nesting site in a sump at the bottom of the well (le), and a sample nesting site (and

nested scaffold) disposed on a screen at the bottom of the insert (If).

[0031] Figure l g is a schematic cross-sectional view of the structure of an alternative

embodiment of the well of the invention showing a ring which acts as a check valve to inhibit



backflow of spent media from the media channel to the sample site during upward movement

of the plunger.

[0032] Figure 2 is a schematic cross sectional view of the lower portion of a single well

of a multi-well plate with an insert disposed therein and a sample nested on the insert, showing

beads for detecting biomolecules present in media perfused from the tissue sample disposed in

the sump.

[0033] Figure 3 is a schematic cross sectional view of the lower portion of a single well

of a multi-well plate with an insert disposed therein, a sample nested on the insert ("3D

scaffold"), and a sensor disposed at the bottom of the well in a sump.

[0034] Figures 4a and4b are upright and inverted (respectively) exploded perspective

views of a multi-well plate and a covered cartridge adapted to mate with the plate showing

various features of the plate in accordance with an embodiment of the invention.

[0035] Figure 5 is a schematic cross sectional view of a well of a well plate including

ports disposed thereover for controlling gas content in the well and pneumatically controlling

addition of exogenous substances in solution.

[0036] Figure 6 is a schematic illustration of a measurement system and apparatus in

accordance with an embodiment of the invention.

[0037] Figure 7 includes graphs and micrographs illustrating mitochondiral Stress Test

results comparing 2D and 3D cultures of HCT116 cells.

[0038] Figure 8 includes graphs illustrating glucose response for single pancreatic islets

measured in a prototype perfusion plate in accordance with an embodiment of the invention.

[0039] Figure 9 includes schematic cross sectional views and a top view of a well in

which cells are allowed to coalesce in accordance with an embodiment of the invention.

[0040] Figure 10 includes graphs and micrographs illustrating the generation of

scaffolded discs.

[0041] Figure 11 is a graph illustrating measured respiratory capacity of liver micro-

tissue, as function of carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP)

concentration.



Detailed Description

[0042] Embodiments of the invention enable the measurement of one or more

properties of one or more three-dimensional cell samples (e.g., tissue samples, biopsied

samples, or cell scaffolds holding cells) that are disposed in, for example, one or more wells of

a multiwell plate. Plates of various specific forms embodying the invention and well inserts

that adapt more conventional plates to structures embodying the invention may be designed by

the skilled artisan in view of this disclosure, and may be manufactured using conventional

molding techniques from polymeric materials such as polyethylene terephthalate or

polystyrene.

[0043] Figures la-lg show removable inserts 100 alone (Fig. Id) or in place within a

well 110, e.g., a single well of a multiwell plate. The insert may define media perfusion

channels 120 to facilitate perfusion 130 of media over a three-dimensional cell sample, e.g.,

tissue 140 disposed in the well. The channels may comprise multiple passages formed within

the body of the insert itself, or more preferably, comprise passages defined between the inner

surface of the well and outer surface of the insert. The perfusion channels may include a check

valve which functions to limit backflow of media from the channels to the sample on the

upward stroke of the plunger. The insert may also include a sample nesting site 150 to receive

a sample prior to insertion of the insert into the well. The sample nesting site, in some

embodiments, is disposed in the well itself, e.g., in a depression or sump independent of the

insert. The insert or the body of the well itself defines a bore 150 which interfits with a plunger

160. The plunger 160, well 110, and bore 150 are configured and dimensioned to fit together

preferably so that insertion and reciprocation of the plunger into the well permits agitating and

mixing of the medium. The plunger and the bore fit together to induce perfusion as the plunger

moves downwardly or upwardly and medium perfuses the sample and passes through the

perfusion channels. In some embodiments, the plunger also may be configured to introduce

one or more sensors 180 for monitoring the presence or concentration of one or more analytes

in medium disposed in the well. Information from the sensors 180 may be transmitted through

a fiber-optic probe 182 disposed in the plunger 170. In some embodiments, a compound

delivery structure 185 may be disposed above the well, enabling the introduction through, e.g.,



delivery ports, into the well of a biologically active substance or a gas into media surrounding

the three-dimensional sample.

[0044] These elements of embodiments of the invention will now be discussed in detail.

The bottom surface of the well 110 may define a depression that acts as a sump during use.

The depression may be used to orient and control the positioning of samples in the well and its

bottom surface to serve as a sample nesting site 150. The well may be one of many wells of a

multiwell plate, that may be designed to a standard "Society for Biological Screening" SBS

footprint having a 6 mm well diameter with the depression at the bottom of the well having a

depth of, e.g., 0.5 mm and a diameter of, e.g., 3 mm. The dimensions of the depression may be

selected in view of the analysis to be performed in the well. For example, the volume should

be sufficient to hold a sample. The exemplary dimensions indicated above are suitable for

holding a sample that is approximately 300 µιη thick. Other dimensions may be provided,

depending on analytical needs.

[0045] The removable insert 100 may be generally cylindrical, and sized and

configured to slide into the well with a slight interference fit to its interior wall. See Figure Id.

For example, the insert may have a height h i of about 0.2 inches and an outer diameter OD of

about 0.247 inches. The height of the insert may be selected such that that the stroke distance

defined by the length of the bore in which the plunger generates hydrostatic pressure, i.e.,

perfusion stroke 190, may be increased or decreased to control the perfusion volume. The

outer diameter of the insert may be selected to allow the insert to fit snugly in the well. For

example, protrusions 195 may be disposed on the outer sidewall of the insert to help secure and

center the insert in the well, providing an outer diameter OD' at some points of 0.25 1 inches.

The top edge of the insert may be thin, e.g., have a thickness t l of 0.002 inches, so as to aid in

guiding the plunger into the insert. The inner surface of the insert may have an upper tapered

portion and a lower vertical portion defining a bore having a diameter dl of, e.g., 0.15 inches.

The upper tapered portion may define an opening having a diameter d2 of e.g., 0.1 inches. The

bottom of the bore of the insert may define an opening having a diameter d3 of, e.g., 0.080

inches. The opening may include a media permeable platform, e.g., a screen, sized and located

to support a scaffold holding a three-dimensional cell culture or tissue sample. The insert

defines a plurality of perfusion channels 120 that begin on the bottom of the insert and extend

up the insert's outer diameter wall to form a channel such that fluid pumped through the

opening having a diameter d3 during the downward stroke of the plunger can be exhausted to



create perfusion across a sample. Each perfusion channel may have a height h2 of, e.g., 0.004

inches.

[0046] One currently preferred set of dimensions would define a 3 mm plunger stroke

within a 3 mm bore so that the displaced volume of the pump (a bit over 20 mm3 or 20 µΐ) is

approximately 4 times the volume of the channels. Accordingly, as currently contemplated, the

plunger and insert are sized such that the plunger moves at least 20 µΐ of media when inserted

into the bore. The smaller the clearance between bore and plunger the better the pump

efficiency, so a minimum clearance of 0.001 inch and a maximum of 0.01 inch is a reasonable

range. Larger clearances are contemplated in some embodiments to permit fresh media to flow

downwardly around the piston on its upward stroke, particularly in embodiments including a

check valve function as described below.

[0047] Referring to Figure le, the snug fit of the insert 100 in the well 110 enables the

insert to be held securely in place and, in use, may immobilize and orient the sample 140 in a

sample nesting site 150 disposed in a small microchamber or sump formed by the interface

created by the depression at the bottom of the well and a bottom portion of the insert. As

shown, the sump is in fluid communication with the perfusion channel 120, i.e., with the media

channel, through which perfusion flow 130 takes place. In some embodiments (not shown), the

media channel may lead to a drain for collection of spent media. Thus, in some embodiments,

media may be moved by the media channel to a waste site rather than back into the well.

[0048] As discussed hereinafter in more detail, including with reference to Figure If, in

other embodiments, the sample nesting site 150 is disposed on the insert 100 itself. For

example, the insert may comprise a screen 190 at the bottom of the bore 160, on which a tissue

sample or scaffold 200 with cells may be placed. In still other embodiments (not shown), the

sample nesting site may be disposed on the plunger, e.g., rigidly suspended from its bottom

surface, such that the sample nesting site moves together with the plunger to expose the sample

to different regions of media. Accordingly a possible but not preferred configuration includes

the suspension of the sample nesting site on the plunger.

[0049] Media channels that may be defined by the insert permits media displaced by the

plunger to leave the proximity of the sample, e.g., by flowing up the perimeter walls through

the annulus defined by an outer surface of the insert and an inner sidewall of the well. In some

embodiments (not shown) the media channel may extend from a bottom portion of the insert to



a higher portion of the insert. Referring to Figure lc, in an exemplary embodiment, the media

channel may include a plurality, e.g., four, perfusion channels 120 defined in a bottom portion

of the insert 100. The perfusion channels may be indentations defined on a bottom surface of

the insert. Alternatively, perfusion channels may be cylindrical openings defined in the bottom

portion of the insert. Each of the media channels may define a fluid path that returns media

perfused about the sample back to media disposed in the well, or alternatively to a waste

reservoir. The media channels are in fluid communication with the sample nesting site,

permitting flow of media therethrough. The flow of media is impelled by the plunger 170,

thereby permitting exposure of the sample to fresh media as the plunger moves.

[0050] Referring to Figure If, the insert may include the sample nesting site 150. For

example, the insert may include a media permeable platform, such as a screen 190, spanning

the opening in a bottom surface of the insert. The screen may be made from any number of

materials, such as polymers such as polyethylene terephthalate (PET) or polystyrene, cellulose,

paper, etc., and attached by ultrasonic welding, heat staking, adhesives or mechanical

entrapment. In certain embodiments, adhesion of the sample to the nesting site may be

enhanced by using attachment promoters or tissue adhesives, such as MatriGelTM or Cell-

TakTM. In an alternative embodiment, as noted above, the sample nesting site may be within

the depression at the bottom of the well.

[0051] Each of the media channels may include a fluid path defining a closed loop

beneath the surface of media in the well, permitting media perfusive flow about the sample on

both upward and downward movement of the plunger within the bore.

[0052] The insert may be fabricated by injection molding. Surface wettability may be

increased by treatments known per se, e.g., performing a plasma pretreatment of the inserts to

eliminate entrapment of gas bubbles in the perfusion channels by creating a more hydrophilic

surface.

[0053] The bore preferably is situated above the nesting site, guides the plunger

vertically down into the insert within the sample media disposed in the well, and creates

hydrostatic pressure and media movement about the sample. Thus, the plunger may be adapted

for reciprocating movement within the bore disposed in the well, e.g., the bore defined by the

insert. Figure l a illustrates a plunger 170 extended into the bore 160, in close proximity to the

sample, while Figure lb illustrates the plunger 170 somewhat retracted. As the plunger moves



up and down along a distance defining a perfusion stroke 190, a volume of media is forced via

hydrostatic pressure across the tissue or scaffold and up (or down) the perimeter walls between

the insert and the inner surface of the well.

[0054] Figure l g shows one form of a check valve 210 for inhibiting backflow of

media from the perfusion channels to the sample on upstroke of the plunger. The optional

check valve 210 takes the form of a free floating annular ring comprising, e.g., an elastomeric

polymer, that fits over the annular opening of the channels within the body of culture medium.

On the downward stroke, hydrostatic pressure from the channels displaces the ring and permits

flow of spent media upwardly and radially inwardly to mix back into the volume of media in

the well. On the upward plunger stroke suction holds the ring in substantial sealing

engagement with the opening of the channels, inhibiting media backflow from the channel.

Medium accordingly is drawn down around the plunger through the annular clearance space

between the plunger and the bore. Other check valve arrangements are contemplated, and the

check valve function may be omitted if some backflow of media is tolerable. Still another

alternative to a check valve for inhibiting back flow is to dispense with recirculation of spent

medium, and to design the perfusion channels for one way drainage into a reservoir in the body

of the well plate (not shown).

[0055] In some embodiments, the sample nesting site may include a scaffold 200

attached to the insert or to the bottom of the sump. A scaffold is a three-dimensional porous

solid such as a collagen membrane that mimics the parenchyma of tissue and its surrounding

structure in vivo. Such scaffolds are available commercially and may be fabricated from gels

or fibrous/porous media, e.g., Alvetex®Scaffold or 3D BioTek scaffold material.

Alvetex®Scaffold is a highly porous, cross-linked polystyrene scaffold that has been section

into 200 µιη thick membrane. The resulting material is inert and does not degrade during

normal use. It has been adapted to fit a variety of conventional cell culture plastic -ware

formats. Alvetex®Scaffold provides a suitable 3D structure in which cells can proliferate,

migrate, differentiate, and function in an appropriate niche environment. Cells maintain a 3D

shape and form close interactions with adjacent cells.

[0056] Referring to Figure 2, in an alternative embodiment, beads 220 comprising

specific binders to biomolecules of interest may be disposed in the well 110 beneath or adjacent

the sample as a means to assist with sample analysis. In particular, the scaffold 200 or tissue



may be immobilized to the insert so that media can perfuse through and around it. In this

arrangement, the media contains, for example, key nutrients, signaling molecules, drugs, etc.

Beads such as are available from Luminex® containing an attachment molecule may be placed

at the bottom of the well, such that multiple signaling molecules may be captured and

subsequently detected or quantitated. One may take advantage of the sump and small volume

of media in intimate contact with the sample effectively to amplify the concentration of the

signaling molecules and to capture them on the beads. The beads preferably stay at the bottom

of the well because they are trapped between the scaffold and the small channels around the

perimeter. At the end of the assay, the insert or array of inserts may be removed, and the beads

can be read using known techniques, e.g., analyzed in a flow cytometer.

[0057] The apparatus preferably includes sensors 180, in addition to the optional beads

described above, e.g., disposed on the plungers, for detecting the concentration of solutes in

media disposed about the sample. The sensors may measure the concentration of dissolved

oxygen, carbon dioxide, or hydrogen ions in media about the sample. Measurements spaced in

time permit assessment of the health or metabolic efficiency of the sample under various

condition of its microenvironment.

[0058] Referring to Figure 3, sensors 180 may be placed at the bottom of a well or the

sump to detect the concentration of solutes in the media For example, one may dispose an (¾

or a pH sensor in the space between the bottom of the insert 100 and the bottom of the well

110. Plates with sensors are commercially available, but the drawback is that one has to grow

the cells on the sensor. Kits with water soluble sensors to put into the media are also available,

but also present disadvantages. The embodiment described herein allows microwell plates to

be provided with sensors on the bottom and an insert thereabove, allowing the microwell plate

to be read in a standard plate reader, e.g., the BioTek Synergy line of plate readers. These

types of sensor configuration may be used with scaffolds or two-or three dimensional cultures

grown on a membrane.

[0059] Various types of sensors may be utilized with the apparatus depending on the

analysis to be performed and its selected configuration, including oxygen sensors, such as

oxygen-quenched fluorescent sensors, pH sensors, including fluorescent sensors, ISFET and

impedance sensors, CO2 sensors, including bicarbonate buffer coupled and ammonium dye

coupled fluorescent sensors as well as other CO2 sensors; various ion and small molecule



sensors; large molecule sensors including surface plasmon resonance sensors and sensors

exploiting the principle of Wood's anomaly; acoustic sensors; and microwave sensors. In

certain embodiments, a conventional plate reader may be used.

[0060] Preferred sensors are fluorophores. Many fluorescent sensing compounds and

preparations are described in the art and many are available commercially from, for example,

Molecular Probes Inc. and Frontier Scientific, Inc. The currently preferred oxygen sensor is a

fluorophore with the signal inversely proportional to oxygen concentration such as a porphyrin

or rhodamine compounds immobilized as a particle or homogenously distributed in an oxygen

permeable polymer, e.g., silicone rubber. The currently preferred compound is porphyrin. The

currently preferred pH sensor is a fluorescent indicator dye, fluorescein, whose signal decreases

upon protonation of the dye, and which is either entrapped in a particle that is suspended in a

carrier polymer, or covalently attached to a hydrophilic polymer. Useful fluorescent CO2

indicator sensor typically are based on a pH sensitive transducer, with the fluorescence being

indirectly modulated by the production of carbonic acid due to reaction of carbon dioxide with

water. See, e.g., O.S.Wolfbeis, Anal. Chem. 2002, 74, 2663-2678. A fluorophore that detects

glucose also can be used, such as one based on a non-enzymatic transduction using a boronic

probe that complexes with glucose, resulting in a charge transfer that modulates the

fluorescence of the probe, or an enzymatic glucose transducer that couples a glucose oxidase to

a fluorescent oxygen sensor, with the binding and oxidation of glucose resulting in a

quantitative modulation of the oxygen sensor. It also is within the scope of embodiments of the

invention to employ a fluorophore or other type of sensor sensitive to biological molecules such

as, for example, lactate, ammonia, or urea. A lactate sensor can be based on an enzymatic

sensor configuration, with lactate oxidase coupled to a fluorescent oxygen sensor, and with the

binding and oxidation of lactate resulting in a quantitative modulation of the oxygen sensor. An

ammonia or ammonium ion sensor can be configured with immobilization of a protonated pH

indicator in a hydrophobic, gas permeable polymer, with the fluorescence output quantitatively

modulated by reaction with transient ammonia. A urea sensor can be based on an enzymatic

sensor configuration, with urease coupled to a fluorescent ammonia transducer, and with the

binding and reduction of urea to ammonia, resulting in modulation of the ammonia sensor

fluorescence. The nature of the sensor generally does not form an aspect of embodiments of

this invention.



[0061] In use, the insert guides the plunger to provide perfusion by creating hydrostatic

pressure in the column of medium above the tissue sample in the insert and/or in the depression

at the bottom of the well. As the plunger reciprocates vertically through the column, medium is

forced to flow across and sometimes through the tissue and exits the chamber through a series

of channels around the perimeter of the insert and upwardly between the outer surface of the

insert and the inner wall of the well. By moving the plunger up and down, medium is moved

across the tissue, replenishing nutrients, providing oxygen, and sweeping away wastes.

Accordingly, the microenvironment around the sample may be continuously perfused between

measurements. As the plunger moves into the bottom position, resting on or just above the

insert, its motion is stopped, the small transient volume is created, and measurements are made.

Efficiency of perfusion through the insert may be increased by altering the stroke height, speed

and clearances between the plunger and the insert.

[0062] Referring to Figures 4a and 4b, a well plate configuration suitable for receiving

the inserts described above and practicing embodiments of the invention is shown. It

comprises a wellplate 400 defining a plurality of wells 110. The wellplate may be combined

with a cartridge 410 and removable cover 420. In the depicted embodiment, multiwell plate

400 has 24 wells. The number of wells 110 in a plate may vary from 1 to several thousand. In

some embodiments, a single well of nearly any size may be fabricated, or multiple wells may

be fabricated, or multiple wells may be fabricated in a one- or two-dimensional arrangement.

In various embodiments, one may exploit a two-dimensional pattern of wells corresponding to

the pattern and dimensions of a microplate as described for example by the Society for

Biomolecular Screening standards for microplates ("SBS-1 Footprints" and "SBS-4 Well

Positions," both full proposed standards updated May 20, 2003). The plates may comprise 12,

24, 96, 384, 1536, or any other number of individual wells. The larger numbers of wells present

engineering challenges because of the fine structure required to practice embodiments of the

invention. The cartridge 410 is a generally planar element comprising a frame 430 made, e.g.,

from molded plastics. Planar surface 440 defines a plurality of regions 450 that correspond to,

i.e., register with, a number of the respective openings of a plurality of wells 110 defined in the

multiwell plate 400. Within each of these regions 450, in the depicted embodiment, the planar

element defines first, second, third, and fourth ports 460, which serve as reservoirs for delivery

of gases or reagents, and a central aperture 470 to a plunger 170. Each of the ports is adapted

to hold and to release on demand a test fluid to the respective well 110 beneath it. The ports



460 are sized and positioned so that groups of four ports may be positioned over the wells 110,

and a gas or test fluid from any one of the four ports may be delivered to a respective well 110.

In some embodiments, the number of ports in each region may be less than four or greater than

four. The ports 460 and plungers 170 may be compliantly mounted relative to the microplate

400 so as to permit it to nest within the microplate by accommodating lateral movement. The

construction of the microplate to include compliant regions permits its manufacture to looser

tolerances, and permits the cartridge to be used with slightly differently dimensioned

microplates. Compliance can be achieved, for example, by using an elastomeric polymer to

form planar element 440, so as to permit relative movement between frame 430 and the

plungers and ports in each region.

[0063] Each of the ports 460 may have a cylindrical, conic or cubic shape, open through

planar element 430 at the top, and closed at the bottom except for a small hole, i.e., a capillary

aperture, typically centered within the bottom surface. The capillary aperture is adapted to

retain test fluid in the port, e.g., by surface tension, absent an external force, such as a positive

pressure differential force, a negative pressure differential force, or possibly a centrifugal force.

Each port may be fabricated from a polymer material that is impervious to gasses, test

compounds, or from any other solid material. When configured for use with a multiwell

microplate 400, the liquid volume contained by each port may range from 500 µΐ to as little as 2

µΐ , although volumes outside this range are contemplated.

[0064] Referring to Figure 4b, in each region of the cartridge 110, disposed between

and associated with one or more ports 460, is a submersible plunger 170 (i.e., sensor sleeve or

barrier), adapted to be disposed in the corresponding well 110. Plunger 170 may have one or

more sensors 180 disposed on a lower surface thereof for insertion into media in a well 110.

The sensor can be used to detect the concentration of a dissolved media component in media

about the sample nesting site. One example of a sensor for this purpose is a fluorescent

indicator, such as an oxygen-quenched fluorophore, embedded in an oxygen permeable

substance, such as silicone rubber. The fluorophore has fluorescent properties dependent on

the presence and/or concentration of a constituent in the well 110. Other types of known

sensors may be used as described above, such as electrochemical sensors, Clark electrodes, etc.

Plunger 170 may define an aperture and an internal volume adapted to receive a sensor.



[0065] The cartridge 410 may be attached to the plunger, or may be located proximal to

the plunger without attachment, to allow independent movement. The cartridge 410 may

include an array of compound storage and delivery ports assembled into a single unit and

associated with a similar array of plungers.

[0066] The apparatus may also feature a removable cover 420 for the cartridge 110 or

for multiwell plate 400. The configuration of cartridge 110 as a cover for multiwell plate 400

may help prevent evaporation or contamination of a sample or media disposed in wells 110.

The cover 420 may also be configured to fit over the cartridge 110 thereby to reduce possible

contamination, to maintain the content of the gas in the wells, or reduce evaporation of fluids

disposed in the ports 460 of the cartridge 410.

[0067] Figure 5 depicts a schematic cross section of a well 110 of an embodiment of the

invention showing structure 185 used to add drugs or gasses to wells so as to alter the

microenvironment of the samples under examination. Details of the delivery system of the

existing, commercially available Seahorse XF Analyzer are described in US 20080014571, the

disclosure of which is incorporated herein by reference. The drug delivery manifold 510 may

be modified to deliver environmental gases, e.g., an external gas 520, i.e., from a gas cylinder,

or internal air 530 to the head space directly above each well. The internal air may be, e.g.,

ambient air from inside the instrument that is compressed via a small internal compressor, to

pressurize the drug ports to deliver drug compounds. The delivery of gas to the head space

may allow manipulation of the environment around the test sample to create conditions

simulating hypoxia (<5% ( ) or normoxia and/or low pH. In some embodiments, a source of

oxygen, carbon dioxide, and/or a biologically inert gas may be injected into media in the well

or a headspace above the surface of media in the wells for controlling the composition of gas in

the headspace or in the media. The gas may be injected into the media or headspace from ports

460.

[0068] In particular, one way for achieving this is with the configuration described with

respect to Figures 2a and 2b, in which a cartridge 410 contains a set of 4 ports 460 that may be

used to deliver various compounds to the sample within the wellplate. For example, a common

test performed on the XF instrument is a mitochondrial stress test. In this assay a series of

injections are delivered through the drug ports of the cartridge in order to measure the response

of the biological sample to various compounds (oligomycin, FCCP, rotenone and antimycin).



These compounds are preloaded into a drug reservoir (port) on the XF cartridge prior to

execution of the assay. When the cartridge is inserted into the instrument it is coupled to a

manifold which when activated by a solenoid valve, provides pneumatic pressure to the head

space of the reservoir forcing the compound through a small orifice and into the well

containing the biological sample. The pneumatic manifold and valve system may be modified

to redirect one of these ports to an external gas supply (gas cylinder or bottle). The gas supply

may be connected to the instrument through a port on the rear connector panel. The bottle may

be located near the instrument and may contain a regulator and bubbler for humidification of

the incoming gas. When activated, a solenoid valve may open, allowing the gas to flow through

the manifold/cartridge interface, through the drug port orifice, and into the head space above

the biological sample. By oscillating the plunger (probe) vertically, the gas will be mixed with

the medium allowing control of the available oxygen to the sample. For example, by perfusing

argon into the head space, the available ( in the medium is displaced and a more hypoxic

condition is created around the sample. By turning off the gas and mixing, ambient levels of

O 2 may be re-established.

[0069] In some embodiments, a source of a solution of a biologically active substance

may be in fluid communication with media in wells for exposing a sample to the substance

[0070] To control the operation and timing of the solenoid valve, the instrument

software may be modified to facilitate control of the valve/timing and to expose some of the

calculation variables used during calibration. For example, to calculate molar concentration of

O 2 in the medium, the concentration at calibration is preferably known and input into the

calculation table. Under some conditions the initial calibration value (F or current ambient

concentration) may not be known. In this case, calibration and solution of equation (1) (see

example 2 below) may be achieved by injecting sodium sulfite into a set of control wells and

calibrating the system based on a known F0 value. To calculate these results, certain

coefficients may be made accessible in the software. A separate window may be created in the

software to facilitate access to these variables, valve control and calculation of calibration

coefficients.

[0071] The instrument may be tested using a well characterized cell line (mouse

C2C12) to verify proper operation and control of the gas system. A series of tests may be



conducted to demonstrate the ability to purge O 2 from medium and create a hypoxic

microenvironment around the sample. These tests may include:

1. Calibration of the instrument under known and unknown ambient O 2 concentrations

2. Verify performance of the gas delivery system and the ability to drive environmental

O 2 levels to desired value (<5% PPO). This may be verified within the instrument by looking at

the O 2 level data. The readout from the instrument may provide a view that presents this data.

[0072] An alternative to controlling O 2 and pH within the sample environment may be

to enclose the entire instrument in an environmental chamber and pump down the chamber to

the desired levels. This alternative approach may be less desirable, as it may be very costly,

take up a lot of lab space, and require long periods of time to achieve the desired levels around

the tissue. By the time these O 2 levels are achieved the tissue may be dead.

[0073] Figure 6 shows a schematic of an analyzer used in connection with embodiments

of the invention. It comprises an apparatus 600 including a compound storage and delivery

apparatus 610 disposed in a housing 615(shown in dashed lines) and includes a cartridge 410

defining a plurality of apertures for receiving sensor structures and a plurality of fluid ports

(shown in detail in Figs. 4a and 4b) compliantly mounted, and a stage or base 130 adapted to

receive a multiwell plate 400, e.g., a cell culture plate. The cartridge 410 is disposed above,

and adapted to mate with, the multiwell plate 400. The cartridge 410 optionally is held by a

cartridge holder 630 adapted to receive the cartridge 410. The apparatus also includes a

mounting block 640, which can reciprocate as shown by the double headed arrow, preferably

powered by a motor (not shown), including an elevator mechanism 650. The elevator

mechanism 650 may be adapted to move the cartridge 410 relative to the stage 620, or well

plate 400. The mounting block includes a gas multiplexer 660 attached to a gas supply or gas

reservoir 670. The gas supply 670 is in fluid communication with the cartridge, and is used to

impel the delivery of test fluid from a port in the cartridge to a well in the multiwell plate 400,

or to fix the gas composition in one or more wells. A plurality of probes or plungers 170 with

sensors are adapted for insertion into the plurality of apertures in the cartridge 410, and may be

used to gather data indicative of the state of cells disposed in wells in the multiwell plate 400.

[0074] The compound storage and delivery apparatus 610 is controlled by a controller

680, that may be integrated with a computer 690, that may control the elevator mechanism, the



multiplexer, and the pressure source. The controller 680 may, thereby, permit delivery of a test

fluid from a port to a corresponding well when an associated sensor is disposed in the well.

[0075] The apparatus described herein is a modification of the apparatus disclosed in

US 20080014571, referenced above, and enables experimentation with and analysis of three-

dimensional cell culture samples, such as a tissue sample, a biopsied sample, or a cell scaffold

holding cells. Viability of the sample may be maintained and control exercised over its

microenvironment. In certain embodiments, a gas may be added to the media or to a

headspace in the well above the media to modify the microenvironment about the sample by

altering dissolved gas composition. In certain other embodiments, a solution of a biologically

active substance may be added to the media to modify the microenvironment about the sample

by exposing the sample to a biologically active substance. A metered amount of one or more

gases and/or one or more drugs or other solutes may be added to media in the well to set the

microenvironment in the medium about the sample to a predetermined point. The

microenvironment in the well may be set to a hypoxic condition. The concentration of one or

more solutes in media about the sample may be measured. A plurality of measurements,

separated in time, of the concentration of one or more solutes in media about the sample may

be taken.

[0076] In certain other embodiments, the method includes adding an oxygen scavenger

such as sodium sulfite to the medium.

[0077] A human biopsied tissue sample may be placed on the nesting site, potential

therapeutic drugs may be added to the media, and the effect of the drugs on the sample may be

assessed.

Examples

[0078] The following examples illustrate certain exemplary and preferred embodiments

and applications of the instant invention, but are not intended to be illustrative of all

embodiments and applications.

Example 1: Development of a custom injection molded wellplate and perfusion insert

designed for tissue perfusion and immobilization.



[0079] The Seahorse XF96 flux analyzer was developed and optimized to measure bio-

energetic activity in cell based assays. XF measurements are based on a patented method in

which a small, temporary measurement volume is created around a monolayer of cells which

are adherent to the bottom of the wellplate. A small volume is created when the plunger

(probe) is lowered to the bottom of the well (3.8 mm diameter) and engages a set of standoffs

(0.20 mm height) to create a volume of approximately 2.25 microliters. The present design of

the wellplate is not optimal for use with tissue samples because: (1) samples need to be

immobilized and orientated to prevent them from shifting between measurements, (2) lack of a

consistent and homogeneous supply of nutrients (perfusion) of the three-dimensional samples,

and (3) a larger measurement chamber is required that will accommodate samples up to 200

micrometers thick. In order to adapt the geometry of the wells for use with tissue samples,

disclosed herein is a disposable 96-well plate and plunger (probe) system to work within the

Seahorse XF96 instrument that immobilizes, orientates, and provides perfusion of tissue

samples.

[0080] The custom wellplate and perfusion inserts described above are suitable for use

with tissue samples. As discussed above, the wellplate may be designed to a standard "Society

for Biological Screening" SBS footprint having a 6 mm well diameter with a depression at the

bottom of the well 0.5 mm deep, 3 mm diameter, used to orient and control the positioning of

samples in the depression at the bottom of the well. The perfusion inserts are designed to slide

into the well, with a slight interference to the wall so that the insert is held in place over the

sample, and to immobilized the sample in the depression at the bottom of the well.

Example 2: Determining pH and oxygen sensor calibration coefficients

[0081] A wellplate, inserts, and plungers (probes) may be assembled and installed in a

specialized heatsink that provides alignment and thermal control of the samples. Appropriate

position offsets and a calibration protocol for the sensors may be developed. The calibration

protocol consists of determining the appropriate volumes, diffusion constants, and sensor gains

that are unique to the plate, insert, and probe geometry. These constants may be calculated

using calibration reagents titrated to known concentrations to develop a set of coefficients that

describe the signal outputs as a function of analyte concentration (0 2 or H+) . For example;

when calibrating the pH sensor the optical signals (based on a 16 bit readout) are normalized to

a starting H+ concentration (pH 7.4) by determining the excitation intensity for each probe that



provides a desired starting signal at pH 7.4. The signal at different H concentration is

recorded to develop a standard curve. The coefficients for the standard curve are then loaded

into the instrument so that each sensor is calibrated over a range of concentrations to be

measured. A similar calibration for the Oxygen sensor may be performed by normalizing the

outputs under ambient ( concentrations (PPO = 155 mm Hg), and determining a second

calibration point by injecting sodium sulfite (an oxygen scavenger) to generate a calibration

point at zero (PPO=0 mm Hg). The Stern Volmer quenching constant may be calculated based

on equation 1 below and this relationship used to calculate the ( level at each time point

during the experiment.

K=l/O 2(F0/F-l) (equation 1)

Where

K= Stern Volmer constant

F0= signal output at zero (

F= signal output at ambient

0 2= concentration of O2 at ambient

Example 3: Validation and selection of best insert geometry

[0082] Once the calibration coefficients are established and uploaded to the instrument

a series of tests may be conducted to determine the best geometry for the perfusion inserts.

These tests may involve taking repeated OCR/ECAR measurements of a standard, well

characterized cell line such as C2C12 fibroblasts. After each measurement the plungers

(probes) may be oscillated to perfuse the measurement chamber and optimize the timing, Z

travel, and speed to get the best perfusion. The best perfusion may be determined based on the

ability of the system to restore the measurement chamber to the starting concentration of O2

and pH.

Examples 4 - 6: Experimental studies using embodiments of the invention

[0083] A prototype device was fabricated to evaluate various geometric properties and

applications of embodiments of the invention, as discussed below in examples 4-6. The device

includes a plurality of cylindrical vessels fitted with a polycarbonate perfusion insert. The insert



is fitted to the bottom of the vessel to form a pair of chambers within the vessel that are

connected through a 1.5 mm port. The upper chamber consists of a reservoir of media which is

approximately 30 times the volume of the lower chamber. The inside diameter of the insert

engages the Seahorse sensor cartridge to form a piston-like pump having a stroke length of

approximately 5 mm and a diameter of 3 mm. The plunger of the Seahorse sensor cartridge,

when moved through the inner diameter of the insert, forces media from the upper section of

the chamber, through the port, into the lower chamber from which it exits through a set of

peripheral vents between the inside diameter of the vessel and the outside diameter of the

insert. With each stroke of the cartridge, a volume of fluid is perfused through the lower

chamber such that the fluid turnover is a minimum of 2 times the static volume. At the bottom

of the lower chamber is disposed a depression in the vessel ( 1 mm x 0.25 mm) where, during

use, a spherical micro-tissue is positioned for measurement. During a measurement, the

cartridge comes to rest on a surface where the sensors are positioned in the center of the port

which isolates the top chamber from the bottom chamber. The sensors are thus positioned over

the micro-tissue, sealing the lower chamber from the upper chamber. Within this reduced

volume of fluid, measurements are collected from the sensors to record the oxygen and pH

concentrations at various timed intervals. From this data the oxygen and pH flux (dO/dT),

(dpH/dT) are determined. This method has been used to evaluate the geometric properties of

the insert to optimize fluid turnover while maintaining tissue position and to facilitate

measurements of the metabolic properties of the tissues.

Example 4

[0084] Feasibility for measuring single 3D spheroids using prototype inserts and plates

has been demonstrated. For example, referring to Figure 7, colon carcinoma cells (HTC1 16)

grown in 2D mono-layer culture are compared to cells formed in a 3D Spheroid (using the

hanging drop method) using a Seahorse Bioscience Mitochondrial Stress Test (MST). The

spheroid image on the right shows a single micro-tissue sitting in the 1 mm x 0.25 mm relief in

the bottom of the well (size approximately 200 microns). The signatures reveal distinct

differences in the spare respiratory capacity between the two culture types (maximum

respiration, basal). A possible theoretical explanation is that the cells grown in 2D are highly

proliferative and thus use a higher fraction of the basal OCR to support growth, whereas cells

in 3D (n=3) have two fold higher spare capacities. The 3D cultures, in this example, also



exhibit distinct differences in the kinetic response to drug exposure (oligomycin injection) as

demonstrated by the slower response in the 3D cultured spheroids.

Example 5

[0085] The ability to perfuse, maintain and measure metabolic profiles of single islets

using a prototype chamber has been demonstrated. For example, referring to Figure 8, single

pancreatic islets (approximately 100 microns diameter) are inserted into the plates ( 1 per well)

and exposed to serial injections of 15 mM glucose, introducing FCCP and Antimycin A. These

signatures reveal the ability to measure discrete changes respiration in response to a 15 mM

injection of glucose. Further, by measuring single islets ( 1 per well) one can directly compare

and interrogate differences in the metabolic signatures between islet populations to determine

function. For example, islets in the chart on the upper left respond to glucose whereas islets in

the upper right do not. These measurements facilitate binning into groups, dependent on fold

increase in oxygen consumption in response to glucose, allowing islets to be ranked for quality

control prior to transplantation. In future work, this data may be correlated to a set of glucagon

and insulin biomarkers co-located in the in the perfusion path using an in situ ELISA assay to

correlate oxygen consumption to insulin and glucagon secretion.

Example 6

[0086] 3D micro-tissues ranging in size from 50-600 microns have been generated. For

example, using the hanging drop method, cells are seeded with 40 µΐ of media into a

commercially available seeding lid provided by InSphero Bioscience (Zurich, Switzerland).

Referring to Figure 9, cells with media are allowed to coalesce in the bottom of the droplet,

where after 4 days they form a unified sphere containing cells and self- generated extra cellular

matrices (ECMs, i.e., material that surrounds/coats cells as they form tissue, generally

consisting of protein matrices that define the micro-environment around the cell). Once the

spheroids are formed they are placed into storage plate with an additional 100 µΐ of media

where they are maintained until ready to use. Using this method, 3D spheroids have been

generated from Hep G2's (human liver carcinoma) and HCT 116 (human colorectal

carcinoma). These cell lines have been shown to form uniform sized spheroids both as mono

cultures and co-cultures. In addition, referring to Figure 10, scaffolded discs containing MCF-7

(breast ductal carcinoma) have been successfully generated. These scaffolds were created using

2 mm diameter cellulosic filter paper (whatman 114), placed into the bottom of a Seahorse



perfusion micro-chamber and measured for bioenergetics function using the Seahorse MST

protocol. This demonstrates that it is feasible to assemble, maintain, and measure bio-energetic

function of both self-assembling spheroids and scaffold micro-discs.

[0087] Referring to Figure 11, spheroids may be used to perform a test for

mitochondrial toxicity. In this example hepatocytes are co-cultured with non-parenchymal

(Kupffer cell, etc.) cells to form a liver micro-tissue that presents a functional immune

response. The system is used to screen the tissues for toxicity by introducing FCCP and

measuring respiratory capacity (FCCP stimulated vs basal OCR). This test demonstrates that

the assay may be optimized for measuring mitochondrial function by first finding the optimum

concentration of FCCP that gives the maximum difference between stimulated and

unstimulated OCR.

[0088] 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 of the invention described herein. Various features and

elements of the different embodiments can be used in different combinations and permutations,

as will be apparent to those skilled in the art. Scope of the invention is thus indicated by the

appended claims rather than by the foregoing description, and all changes which come within

the meaning and range of equivalency of the claims are therefore intended to be embraced

herein.

[0089] What is claimed is:



1. An apparatus for conducting analysis of a three-dimensional cell sample, the apparatus

comprising:

a plurality of wells for holding respective samples and sample media, at least one of the

wells comprising

a sample nesting site disposed therein,

disposed thereabove a bore dimensioned to interfit with a plunger which moves

vertically down within and relative to the bore and within the sample media disposed in

said well, and

a media channel, in fluid communication with said sample nesting site, which

permits flow of media therethrough impelled by the plunger and permits exposure of said

sample to fresh media as the plunger moves.

2. The apparatus of claim 1 wherein the plunger moves relative to the nesting site to

induce perfusion of media about the sample.

3. The apparatus of claim 1 wherein the plunger and sample nesting site move together to

expose the sample to different regions of media.

4. The apparatus of claim 1 wherein said media channel comprises a fluid path which

returns media perfused about the sample back to media disposed in the well.

5. The apparatus of claim 1 wherein at least said bore is defined by a removable well

insert.

6. The apparatus of claim 1 wherein at least said sample nesting site and said bore are

defined by a removable well insert.

7. The apparatus of claim 1 wherein said sample nesting site, said bore, and said media

channel are defined by a removable well insert.

8. The apparatus of claim 1 wherein said sample nesting site comprises a media permeable

platform defined by a removable well insert.

9. The apparatus of claim 1 wherein the well comprises a sump in fluid communication

with the media channel.



10. The apparatus of claim 1 wherein said sample nesting site is disposed within a sump for

collection of media and in fluid communication with said media channel.

11. The apparatus of claim 1 wherein said media channel comprises a fluid path defining a

closed loop beneath the surface of media in the wells to permit media perfusive flow about said

sample on both upward and downward movement of a plunger within said bore.

12. The apparatus of claim 1 further comprising a sensor for detecting the concentration of

a solute in media disposed about said sample.

13. The apparatus of claim 12, wherein the sensor is disposed at the bottom of the well.

14. The apparatus of claim 1 further comprising plungers adapted for reciprocating

movement within the bores of respective wells.

15. The apparatus of claim 14 further comprising sensors disposed on the plungers for

detecting the concentration of solutes in media disposed about said sample.

16. The apparatus of claim 12 or 15 wherein said sensors measure the concentration of

oxygen, carbon dioxide, or hydrogen ions dissolved in media about said sample.

1 . The apparatus of claim 1 wherein the plurality of wells defines a multiwell plate

comprising 24 or 96 wells.

18. The apparatus of claim 1 further comprising a source of oxygen, carbon dioxide, and/or

a biologically inert gas in fluid communication with media in a well or a headspace above the

surface of media in the wells for controlling the composition of gas in the headspace or in the

media.

19. The apparatus of claim 1 further comprising a source of a solution of a biologically

active substance in fluid communication with media in wells for exposing a sample to said

substance.

20. The apparatus of claim 1 further comprising a three-dimensional cell growth scaffold

disposed on said sample nesting site.

21. An apparatus for conducting analysis of three-dimensional cell samples, the apparatus

comprising:

a well for holding a sample and sample media comprising



a sample nesting site,

disposed above said nesting site, a bore dimensioned to interfit with a plunger

which moves vertically down within the bore and within media disposed in said well,

a media channel in fluid communication with said sample nesting site which

permits media perfusion about said sample, and

a plunger adapted for reciprocal movement in said bore thereby to impel media

perfusion about said sample.

22. The apparatus of claim 2 1 further comprising a sensor for detecting the concentration of

a dissolved media component in media about the sample nesting site.

23. An insert for a well of a culture plate for adapting the well to implement perfusion of a

three-dimensional cell culture sample disposed therein, the insert comprising structure defining:

a sample nesting site comprising a media-permeable platform,

disposed thereabove a bore dimensioned to interfit with a plunger which moves

vertically down within the bore and within media disposed in a well, and

a media channel in fluid communication with said sample nesting site which permits

media perfusion about said sample impelled by a plunger.

24. A method of experimenting with a three-dimensional cell culture sample, such as a

tissue sample, biopsied sample, or cell scaffold holding cells, so as to maintain viability of the

sample and exercise control over its microenvironment, the method comprising the steps of:

providing a well including a sample nesting site, a bore dimensioned to interfit with a

plunger disposed above the sample nesting site, a media channel in fluid communication with

said sample nesting site, and a plunger adapted for reciprocal movement in said bore;

placing a sample on the sample nesting site in medium within the well, and

moving said plunger within the bore to impel media flow about the sample and through

said channel thereby to perfuse the sample with media.

25. The method of claim 24 comprising the additional step of adding a gas to the media or

to headspace in the well above the media to modify the microenvironment about the sample by

altering dissolved gas composition.



26. The method of claim 24 comprising the additional step of adding a solution of a

biologically active substance to the media to modify the microenvironment about the sample by

exposing the sample to the biologically active substance.

27. The method of claim 24 comprising the additional step of measuring the concentration

of one or more solutes in media about said sample.

28. The method of claim 24 comprising the additional step of making a plurality of

measurements separated in time of the concentration of one or more solutes in media about said

sample.

29. The method of claim 24 comprising the additional step of adding a metered amount of

one or more gases and/or one or more solutes to media in said well thereby to set the

microenvironment in the medium about said sample to a predetermined point.

30. The method of claim 29 comprising setting the microenvironment to a hypoxic

condition.

31. The method of claim 29 comprising adding an oxygen scavenger to the medium.

32. The method of claim 24 comprising placing a human biopsied tissue sample on said

nesting site, adding potential therapeutic drugs to the media, and assessing the effect of the

drugs on the sample.

33. The method of claim 32 comprising the additional step of adding a metered amount of

one or more gases and/or one or more solutes to media in said well thereby to set the

microenvironment in the medium about said sample to a predetermined point.

34. The method of claim 24 or 32 wherein the sample is a tumor sample, the method

comprising the additional step of adding a metered amount of one or more gases and/or one or

more solutes to media in said well thereby to set the microenvironment in the medium about

said sample to a predetermined point simulating the microenvironment of the tumor sample in

vivo.

35. The method of claim 24 comprising multiplexing said method by the steps of:

providing a plurality of said wells including sample nesting sites, bores dimensioned to

interfit with plungers disposed above the sample nesting sites, media channels in fluid



communication with said sample nesting site, and plungers adapted for reciprocal movement in

said bore;

placing a sample on the sample nesting sites in media within the plurality of wells,

moving the plurality of said plungers within the bores to impel media flow about the

samples and through said channels thereby to perfuse the samples with media, and

measuring one or more times the concentration of one or more solutes in media about

said samples in the plurality of said wells.

36. The method of claim 24 comprising the additional step of placing one or a plurality of

beads bearing immobilized binders for biomolecules of interest secreted from or absorbed by

the sample in the media and using the beads to detect the presence or concentration of said

biomolecules in the microenvironment of the sample.

37. The apparatus of claim 1 further comprising a check valve disposed in said media

channel to inhibit media perfusion from the channel back to the sample.
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