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GOVERNMENT LICENSE RIGHTS

[8862] This imvention was made with government support under WO LINF-12-2-0039

awarded by DARPA Biomimetics. The government has certain rights in the invention.

BACKGROUND OF THE DISCLOSURE
18603] {» vifro models of lnuman tissue are typically cultured as single cultures in isolated
envivonmenis. The isclation of the tissue cultures removes the terplay between the tissue
cultures that is present in in vivo systems. The isolated tissue environments make it difficult

to study systemic 1ssues, such as drug dosing, in in vitro cultures.

SUMMARY OF THE DISCLOSURE

18004] One embodiment relates to a fluid circulation and loveling system. The system
meludes a fluid mixing chamber, first and second open thuid chambers, a first pump, a second
pump, and a controller. The first and second open fluid chambers are in fluid communication
with the fhild mixing chamber, each open fluid chamber having a microfluidic fluid leveling
condutt having an orifice disposed in the open fluid chamber at a nuvioom fluid level
associated with a corresponding nminimom fluid volume. The first pump is in fhad
conununication with the microfluidic fhuid levelling conduits of the first and second open
fluid chambers. The second pump is in fluid communication with at least one of the first and
second open fluid chambers and the fluid mixing chamber. The controlier 18 coupled to the
first and second pumps. The coniroller 18 configured to cause the first pump to generate a
first direction of fluid flow during a first time period between the first and second open fluid
chambers through the microfluidic levelling conduit of the first open floid chamber such that
a fluid level in the first open fluid chamber drops to about its corvesponding minimum fluid
fevel. The controller is further configured to cause the first pump to gencrate a second
direction of fluid flow during a second time period between the first and second open fluid
chambers through the microfluidic levelling conduit of the second open fluid chamber such
-
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that a fhuid level in a second of the two open fhad chambers drops to about its corresponding
minimum fluid level., The controller is configured to cause the second purap to generate 3
flow of fluid during a thitd time period frore one of the first and second open fluid chambers

mio the fluid mixing chamber.

[86638] Another embodiment of the invention relates to a method of mixing and circulating
fhid. The method mchudes configuring a floid circuit. The fhad circuit tnchudes a fluid
mixing chamber, and first and second open fhuid chambers in fluid communication with the
fiid roixing chamber, cach open fluid chamber having a microfividic fluid leveling conduit
having an orifice disposed in the open thid chamber at & mininunm fluid level associated with
a corresponding mininnen fluid volume. The fluid eiveait further nclodes a first pump in
fiuid communication with the microfluidic fluid levelling conduits of the first and second
open fluid chambers, and a second puny in fluld conmunication with at least one of the first
and second open fluid chambers and the fhund mixing chamber. The fluid circuit alse
imcludes 2 controller coupled to the first and second pumps. The method further inchudes
causing, via the controller, the first pump to generate a first direction of fluid flow during a
first time period between the first and second open fluid chambers through the microfluidic
levelling condait of the first open fluid chamber such that a flaid level in the first open fluid
chamber drops to about s corresponding minimum fluid level. The method includes
causing, via the controller, the first pumip to generate a sccond direction of fluid flow during
second time period between the first and second open thud chambers through the
microfluidic levelling conduit of the second open fluid chamber such that a fluid level ina
second of the two open fluid chambers drops to about its correspording minimum fluid level
The method further includes causing, via the controller, the second pump to generate a flow
of fluid during a third time period from one of the first and second open fhid chambers into

the fluid mixing chamber.

BRIEF BESCRIPTION OF THE BRAWINGS

18066] The skilled artisan will understand that the figures, described herein, are for
ithustration purposes only. Tt is to be understood that in some instances various aspects of the
described implementations may be shown exaggerated or enlarged to facilitate an
understanding of the described tmplementations. ITn the drawings, like reference characters
generally refer to like features, functionally similar and/or structurally similar cloments

throughout the various drawings. The drawings are not necessarily 1o scale, emphasis mstead

R
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being placed upon iHustrating the principles of the teachings. The drawings are not intended
to Hmit the scope of the present teachings in any way. The system: and method may be better
understood from the following illustrative description with reference 1o the following

drawings n which:
[8867] Figuve | is a schematic of a cell culture syster.

[80808] Figure 2 illustrates a schematic of an example cell culture platform that can be used

m the cell culture system of Figure L

19869 Figures 3A and 3B illustrate solid maodels of an example cell culture platform that

can be used in the cell cultire system of Figure L

[8818] Figures 4A-4C llustrate solid models of example control plates that can be used in

the cell culture system of Figore 1.

[8811] Figure 4D illustrates an enlarged schematic of an example constant-vohume pump

from: the control plate of Figure 4A.

[8612] Figures 4F and 4F illustrate cross-sectional views of example configurations of a

constant-voltrme pump, such as the constant-volume pump of Figure 4D,

[8813] Figures SA and 5B illustrate solid models of example fluid flow plates that can be

used in the cell culture system of Figure 1

[8814] Figures 6A-6D iliustrate example configurations of cell culture vesscels that can be

used in the cell culture system of Figure 1.
{8015] Figures 7A and 78 illustrate solid models of an example cell culture vessel,
18016] Figure 8 illustrates a solid model of an example cell culture vessel.

180171 Figure 9A illustrates a schematic of an example actuator that can be used in the cell

culture system of Figure 1.

[8818] Figure 98 tllustrates a schematic of an example impicmentation of an actuator
configured to inject and withdraw fluid saroples that can be used in the cell culture systers of

Figawe 1.
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[8819] Figure 10 illustrates a flow chart of an example method for coltoring cells in the cell

culture system of Figure 1.

[8628] Figure 11 tilustrates a schematic of an example use case for the cell culture system

of Figure 1.

18621] Figure 12 illustrates a flow chart of an cxample method for flowing a fluid through

the constant-volume punmp of Figure 4D,

{8822] Figure 13 illustrates a conceptual diagram of a fluid circulation and mixing system,

according to an example cmbodiment.

18023] Figures 14A-14F dlustrate cxample arrangements of fluid circulation and mixing

systems that include levehng devices.

19024) Figure 15 ilustrates a conceptual diagram of a fluid mixing circuit incorporating a

plurality of thad cirenlation and mixing subsystems, according to an example embodiment.

[88258] Figure 16 illustrates a flow chart of an example method of circulating and mixing

flaid through a fluid circulation and mixing system, according to an example embodiment.
DETAILED DESCRIPTION

18026] The various concepis introduced above and discussed in greater detail below may be

mmplemented in any of numerous ways, as the described concepts are not imited to any

particular manner of oplementation. Examples of specitic implementations and applications

are provided primarily for ilhustrative purposes.

[8827] The systems and methods disclosed are generally related to a cell culture system.
More particularly, the systems and methods enable culturing and interconnecting a phlurality
of tissue types in & biomimetic envirtonment. By culiuring organ specific tissue types within a
biomimetic environment and mterconnecting each of the organ systems in a phyvsiologically
meaningful way, experiments can be conducted on in vifro cells that substantially mimic the
responses of in vive cell populations. In some implementations, the system is used to monitor
how organ systems respond to agents such as toxins or medications. The system cnables the
precise and controlled delivery of these agents, which, in some implementations, allows the

biomimetic dosing of drugs in bumans to be mimicked.

A
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[8828] Figure | illustrates a cell culture system 100, The cell colture system 100 inchudes a
cell culture platform 102 within an incubator 104, The cell culture system 10 also includes
a plurality of sensors 106 and a microscope 108 to monitor the cells within the celi culture
platform 102, A control computer 110 uses a controller 112 to control the flow of fluids and
gases through the cell culture platform 102, The fluid flow and gas flow is caused by at least
one fluid pump 114 and at least one gas pump 116, vespectively. Prior to flowing through the
cell cultare platform 102, fluid is stored in a thaid reservoir 118 and respousive 1o flowing

through the cell culture platform 102 the fhud is stored i a waste reservoir 120,

[B028]  As described above, the cell culture system 100 includes a cell cubture platform 102,
The cell colture platform 102 and its components are deseribed further in relation to Figures
2-9, but bricfly, the cell culture platform 102 is a modular platform for culturing cells and/or
tissuc. As discussed below, the cell culture platform 102 includes a control plate, a fluid tlow
plate and a phurality of cell culture vessels. In some tmplementations, the control plate is
cusable and includes actuators, valves and sensors used in the colture and monitoring of
cells. In some mmplementations, the fluid flow plate and/or the cell culture vessels are

disposable.

180308)  The cell culiure platform 102 is housed within an incubator 104, The incubator 104
maintains an environment within the cell culture platform 102 that is conducive for the
culturing of the celis and/or tissue. I some implementations, the incobator 104 controls
and/or maintains a predetermined teraperature, humidity, carbon dioxide level, oxygen level,
ot any combination thereof. For example, the incubator 104 may be configurable to maintain
conditions within the cell culture platform 102 that mimic conditions within the human
respiratory system. In another example, the incubator 104 is configured to mainiain standard
cell culture environments, as outlined by a cell culture protocel. For example, the incubator
104 can maintain a teraperature between about 32 °C and about 37 °C with humidity between
about 50% and about 100%. In some implementations, the incobator 104 removes off gases
generated by the cells within the cell culture platform 102, The incubaior 104 also includes a
phurality of access ports (not illustrated). The ports allow sensor comnections, flow Hnes, and
other lines to pass from the outside environment to the interior of the tncubator 104 without

affecting the controlled environment within the incobator 104,

18831] Insome of these implementations, the cell culture system 100 does not inclode a
standalonc incubator 104, In those implementations, the celi culture vessels of the cell

e
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culture platform 102 are reversibly sealed and include heating and other clements that

maintain an appropriate environmental condition within each cell culture vessel.

{8832] The celi cultore system 100 also includes a plurality of sensors 106, In some
implementations, onc or raore of the sensors 106 described herein are boused within (or a
component of) the cell culture platform 102, A firther deseription of the sensors 106,
mchiding their use and placement, 15 described below. In brief, the sensors 106 can be used
{0 monitor one or more parameters within the cell culture platform 102, For example, the
scusors 106 can monitor biomarkers, flow rates, prossures, temperatures, gas Ccompoesiions
(e.g., oxygen and carbon dioxide levels), chenical compositions (e.g., drug, toxin and
metabolite concentrations), pH levels, clectrical parameters (e.g., trans-epithelial electrical
resistancejor any combination thereof. In some mplementations, the sensors are used for
feedback by the control computer 110 in controlling system parameters (e.g., environmental

conditions) within the cell colture platform 102 and/or incubator 104,

{B8033] Also as itlustrated in Figure 1, the cell culture system 100 includes a microscope
108. In some implementations, at least a portion of the cell culture platform 102 is
configured to allow visual inspectional of the celis and/or tissue within the cell culture
platform 102, For example, the components of the cell culture platform 102 are
manufactured from substantially clear materials and/or include view ports. The microscope
108 is used to view cells and/or tissue cultured in the cell culture platform 102, Insome
implementations, the microscope 168 is configured to record still or moving tmages of the
cells and/or tissue within the cell cultwre platform 102, In some oplementations, the
microscepe 108 is an optical light microscope, confocal microscope, fluorcscent microscope,

or, in geneval, any type of microscope used in the field of cellular imaging and analysis.

18034] The cell culture system 100 further inclades a control compuier 11{ and a controlier
112, In general the control computer 110 controls the components described herein of the
cell culture system 100, In some tmplementations, the control computer 110 18 a general
purpose computing device. For example, the control computer 111 can be a laptop, tablet
compuier, or smartphone. In other implementations, the contrel computer 110 is a special
purposed computer device and includes one or more processors and at least one computer
readable medivm, such as a hard drive, compact discs, or other storage device. Processor
executable mstructions are stored on the compater readable mediin, When exccuted, the
mstructions causc the control computer 110 to perform the functions and methods described

.
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herein. For example, the control computer 110 controls the flow of a fluid into and out of the
cell culture platform 102 by controlling fluid pumps 114, As described above, in some
implementations the corndrol computer 110 receives data trom the plurality of sensors 106 and
matntaing system conditions responsive to the reeeived data. The control computer 110
stores the sensor and other data on the computer readable medium in response to a request
from a user. In some implementations, the control computer 110 enables a user (o set specific

system parameters through a user interface.

{8035] The control computer 110 interfaces with the other components of the cell culture
system 100 through a controller 112, In some implementations, the controller 112 45 a
component of the control computer 110 or the cell culture platform 102, and is implemented
as hardware and/or software. in other implementations, the controlier 1172 is a standalone
device that interfaces with the control conputer 110 and various components of the cell

culture system 100 through USB, Firewire, or a similar connection.

[8836] The controller includes a plurality of mputs and a plurality of outputs through which
it interfaces with the various components of the cell colture system 100, The phirality of
nputs and cutputs of the controller 112 can be digital and/or analog mputs and outputs. In
some implementations, the controller 112 includes at least one processor. Using the at least
one processor, the controller 112 preprocesses inputs prior to transmitting the mput to the
control computer 112. For example, the controller 112 may "pre-filter™ or compress sensor
data before transmitting the sensor data to the contrel computer 110, Inyet other
mplementations, mstructions are loaded onto the controller 112 such that the controller 112
can conirol the cell culture system 100 without instruction from the control computer 11 In
some implementations, the controller 112 and/or computer 110 alert a user when the cell
culture systern 100 behavior deviates from predetermined ranges. For example, the control
computer |10 may send an alert to the user when the control computer 110 detects a

temperatare drop in the incobator 104,

[8637] Reforring again to Figure 1, the cell culture system 100 tnchudes at least one {luid
pump 114 and at lcast one gas pumyp 116, The fluid pump 114 and the gas pump 116
(collectively referred to sinply as pumps) tlow Hquids and/or gases into and through the cell
culture platform 102, Exira fhid is stored within the fluid reservoir 118 and can be deposited
into a3 waste reservolr after flowing through the cell cubture platform 102, In other
implementations, the fluid is recirculated through the cell culture platform 102, As

AT
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ithustrated, the pomps are independent from the cell eulture platform 102, As described

clow, in some implementations, the pumps are housed within the celi culture platform 102,
The pumps can include peristaltic puraps, syringe punips, a series of actuators (i.e,,
pueumatic pumps), or any combination thereof. In some implementations the pumps are
configered to prodace a smooth flow, pulsatile flow, periodic flow, or any combination
thereof through the cell colture platform 102, In yet other implementations, the pumps arce
directional and can serve as one way valves within the cell culture platform 102, For
example, one way pumps can be included within the cell culture platform 102 to force flow in

a predetermined manner and not allow backflow during a pulsatike flow,

[8838] The foregoing pumps How a fhuid through the cell cultore platform 102 and into the
below described cell culture vessels. Example floids inchide growth medium {or other fluids
for cellular growth and sustenance), test agents, toxins, medicaments (e.g., antibiotics,
vaccines, biologics, and medical countermeasures), or any combination thereof. In some
implementations, the pumps are configured to induce a predetermined shear force on the celis
within the coll culture platform 102, The shear force may be selected to mimic physiological
conditions or for experimental purposes. For example, epithelial cells may form more
physiologically representative cellular barriers when cubtured under an appropriate shear
force. In some implemeniations, the flow rates at which the pumps flow fluid are selected to

mimic blood flow vates typically seen in parts of the circularity system.

8039] Refemring now to Figure 2, Figure 2 is 2 schematic Ulustrating components of the
cell culture platform 102, The individual components of the cell culture platform 102 are
described in detail in relation to Figures 4-9. As a brief mtroduction, the cell culture
platform 102 includes a control plate 202, g fluid flow plate 204, and a plorality of cell
culture vessels 206(1—(»). The fluid flow plate 204 s coupled to the control plate 202, and a
plurality of cell culture vessels 206(1)-206(n) are coupled atop the fhnd flow plate 204, The
cell culture platform 102 forther includes a plarality of fluid and/or gas inlet/outlet ports 208,
As ilhustrated, the ports 208 arc components of the control plate 202, In other
mplementations, the control plate 202, fluid flow plate 204, and/or cell culture vessels

206 13-206(n} each inchide one or more ports 208.

N

18044] Continuing the cell culture platform 102 overview, the cell culture platform 102 1s
ased to culture cells and/or tissues. In some implementations, this includes the culture of
multiple types of cells and/or tissue from different organ systems. In some tplomentations,
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as described below, the celf calturs vessels 206 are configured to include 3-dimensional cell
culture scatfolds to support and colture the cells and/or tissues. The remaining plates of the
cell culture platformg 102 facilitate interaction {e.g., fluidic coromunication) between the
cells/tissues cultured within the cell calture vessels 206(1)-206(n}, and enable the cell culture

vessels 206 1o be interconmected in physiologically meaningful ways.

{8841 In some implementations, the components of the cell cultore platform 102 are
reversibly coupied to one another. For cxample, the components of the cell culture platform
102 can be coupled to one another with claps, screws, via vacuum, adhesive or any
combination thereof. In some implementations, the coupling element (2.2, a screw) that is
used to couple the cell culture vessel 206 to the fhiid flow plate 204 passes through the flaid

flow plate 204 to also couple the fluid flow plate 204 to the control plate 202.

18042}] In certain mmplementations, one or more of the components of the cell cubiure
platforr 102 are disposable and/or reusable. For example, the control plate 202 may house
control connections to the controlier 112, sensor conmections, actuators, custom components,
or any combination thereof is intended to be reused with disposable flaid flow plates 204 and

disposable cell culture vessels 206.

[8043] In some implementations, the dispesable slements include passive structires that are
produced using low-cost processes such as machining, injection molding, or embossing. In
some implementations, these passive structares are controlled via actuators within the control
plate 202, In some implementations, the conirol plate 202 provides a foundation to which

disposable fhuid flow plates 204 and cell colture vessels 206 may be modularly added.

{8844 Figure 3A is solid model illostrating cell culture platform 102 in greater detail. As
iflustrated, cight cell culture vessels 206 are coupled to a fluid flow plate 204, which is, in
tarn, coupled 1o a control plate 202, The control plate 202 includes a first type of cell culture

vessel 206(a) and a second type of cell culture vessel 206(b).

[6848] Figure 3B is a side view of the model from Figure 3A illustrating the cell colture
platform 102, In some implementations, the cell culture vessels 206 are sealed with
reversibiy coupled lids 302 and 366, The lid 302 inchudes a port 304, which in some
mplementations, 1s used to flow gases and/or Hquids nto the cell calture vessel 206(b). The
lid 306 is a sealed Hd and does not include a port. As iHlustraied, the cell culture vessels 206

arc coupled to the fluid flow plate 204 with screws 308,
-G
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[804s] Below, cach of the control plate 202, the fluid flow plate 204, and the cell cultwe
vessels 206 of Figures 2, 3A, and 3B are described in turn and in greater detail with reference

to Figures 4-9.

18047} As set forth above inreference to Figures 2, 3A, and 3B, the cell culwre platform
102 mchudes a control plate 202, 1n general, the control plate 202 contains reusable
connectors, actuators, and/or sensors that interface with the fluid flow plate 204 and/or cell
culture vessels 206, In some implementations, the placement of the connectors, aciuators
and/or seusors in the reusable control plate 202, provides a cost savings as portions of the cell
culture platform 102 that divectly interact with cells can be disposed of after experimentation,
while the more expensive components can be reused. As described below, in some
implementations, the conirol plate 202 is manufactured from a plastic or a mukii-layer printed

cireuit board.

[8048] In some implomentations, the control plate 202 mcludes between § and 10, between
10 and 30, between 30 and 30, between 50 and 100, or between 100 and 200 actuators. The
actuators are ased to control fluid flow through the thud flow plate 204 and/or cell colture
vessel 206, and, in some implementations, are used as pumps. The actuators control fluid
flow by activating valves within the condrol plate 202, thuid flow plate 204 and/or cell culture
vessel 206, In some implementations where the actuators are configured as pumps, they
pump between about 100 nll and about 500 nl, between about 500 ni and 1000 ol or
between about 1000 nL and about 2000 ol / vun of fluid through a channel. In other
mplementations, the pummps can cause flow rates of up to 480,000 ol / min. The flow
mduced by the actuator pumps can have a continuous, single shot, and/or reciprocating flow

profile.

{88498 In some implementations, the pump is configured to inject a predetermined dosage
of a toxin, test agent, medicaments {e.g., antibictics, vaccines, biclogics, and medical
countermeasures), or any combination thereof into the fluid flow plate 204 and/or the cell
culture vessel 206, For example, on a predetermined cycle (e.g., once per day, three times a
day, once per hour, ofc.) the pump-configured actuator may be configured to deliver an
msulin dose to a cell culture vessel containing liver cells. Tn some implementations, a pump-
configured actuator withdraws a predetermined fluid sample volume from the fhad flow plate

204 and/or the cell culbure vessel 206. For example, the actuator may withdraw 100 L from

-10-
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a cell culture vessel every hour, such that a mecdicament, analyte, or toxin, or other

biclogically relevant material concentration can be determined in the cell culure vessel

18050]  In various implementations, the actuators are pneumatic actuators, clectromagaetic
actuators, valves, or a combination thereof. The mechanism of the actuator activation is
described further in relation to Figure 9A, and the mechanism of the actuator when acting as
a pump to inject or withdraw fluid samples is deseribed in relation to Figure 9B. Briefly, the
actuators include a membrane, which is driven by a piston. When activated, the actuator
drives the piston and membrane into a channe] placed above the actuator. The menbrane
shumts the flow of a fhuid through the channel. In some implementations, pneumatic actuators
are used because in some implementations, the activation of an electromagnetic actuator may
induce heat or electromagnetic noise that may mterfere with certain sensor applications such

as transepithelial electrical resistance.

{80881] The actuators enable custondzed control of fluids through the cell culture platform
102, The use of 4 membrane in the actuator enables separation of biological liquids from the
reusable components of the control plate 202, In some implementations, the flexible
membranc used in the actoator {and/or pomp structures) is manufactured from, but s not
hmited to, polyimide- and polyurethane-based materials, To some implementations,

substantially the entire, or at least large portions of, the top surface of the control plate 202 4s

covered with the membrane.

[8652]  Insome implementations, the control plate 202 includes a fixed form factor that
couples {or mates} with the cell culture vessel 206 and/or the {fluid flow plate 204, As
described below, thaid flow plate 204 and cell culture vessel 206 can be configured
differently responsive to the needs of a given an experiment. In these implementations, the
standardized form factor of the control plate 202 enables the mixing and matching of other

modular components to the control plate 202,

18053]  As introduced above, the control plate 202 tncludes one or more sensors 106 and/or
sensor conuections. For example, the control plate 202 can welade flow meters, gas scusors,
pH sensors, temperature sensors, transepithelial electrical resistance (TEER) sensors, or any
combination thercof. In some mmplementations, the flow sensor is a thermal flow sensor. In
certain implementations, the sensors 206 are mounted to polyimide substrates and separated

from thids by the above described membrane.

-11-
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[88584] In implementations including sensor conpections {(or sensor expansion ports) the
sensors 106 described herein are added to the control plate 202 based on the requirements of
an experiment. For example, a researcher conducting a flow experiment may choose to only
attach flow sensors to the control plate 202 and may forgo other sensors such as a pH sensor.
In some implementations, removing sensors 106 by decoupling them the from the expansion
ports, facilitates the reusability of the control piate 202 by enabling delicate components of
the control plate 202 10 be removed prior to stertlization of the control plate 202, Iv some
implementations, the sensor expansion ports are input/output ports for the controller 112, and

aflow for the connection of custom sensors to the conirol plate 202,

[8855] In some implementations, the control plate 202 includes at least one heating
element. The heating element is employed to maiutain a configurable temperatore within one
or more of the cell culture vessels 206, 1o some taplementations, usc of a heating clement
and closed cell colture vessels 206 enable experiments to be conducted without an incubator
104, as s predetermined microcondition can be maintained within each cell culture vessel

206.

[8856] In yet other implementations, the control plate 202 includes an auxiliary agent
debivery module. The module connects to the control plate and enables specific agent dosage

to one or more of the cell culture vessels 206.

[8857]  To further describe the control plate 202 discussed above, Figures 4A-4C illustrate
example implementations of the control plate 202, A person of ordinary skill in the art will
recognize that features of the various control plates described below may be applied (o any of

the other control plates described berein.

{8658] Figure 4A is a top view illustrating 8 pncumatic control plate 450, The control plate
400 meludes a plurality of actuators 402 1o act on flow channels within the thiid tlow plate
204. The control plate 400 also inclodes a phurality of pueumatic ports 404 to control the
phurality of actuators 402. The conirol plate 400 further inchudes a plurality of capacitor ports
410 that serve as fluidic capacitors, with a flexible valve or puoping menmbrane suspended
across a port opening, the operation of which is discussed in more detail below. In addition, a
vacoum inlet 408 is in fluid receiving commumnication with a plurality of vacinum ports 406
distributed across the control plate 400. In operation, after disposing the control plate 400 on

the fluid flow plate 204, a suction can be applied to the vacinm inlet 108 and distributed
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through the vacuum ports 406. The control plate 400 may then soectionally engage the fluid
flow plate 204 via the vacoum ports 406. In some implementations, mechanical clarps o
fasteners (e.g., screws, clips, etc.} can be used to further strengthen the engagement of the

control plate 460 to the fluid flow plate 204,

[8859]  As deseribed above, the control plate 4060 includes a plarality of pneumatic actuators
402. Asillustrated, control plate 400 inclades twenty actuators divided into four 4-port,
constant-volume pumps 412. Each constant-volume pump 412 corresponds to the
miersection of two channels in the fluid flow plate 204, The actuator 402(a) lics at the center
of the constant-volome pump 412, and drives fluid {e.g., gas or Hquid) through the four
branches of the intersection. Each actuator 402(b}-405(e) controls the flow of the fluid into
iis respective branch of the intersection. The constant-volume pump 412 is discussed further

w relation to Figures 4D—4F.

[8868] Insome implementations, one or more of the capacitor ports 410 also serve as
viewing ports. Viewing ports arc pass throughs {or vias) that enable optical access 1o the
dorsal side of the cell culture vessels 206 eventually coupled to the eell culure platform 102
In such implementations, some viewing ports may also serve as fluidic capacitors {e.g., may
contain an optically transparent valve or pumping membrane), while other viewing ports are
only viewing ports {e.g., do not contain a membrane). In some implementations, the control
plate 400, tluid flow plate 204, and/or cell culture vessels 206 are manufactured from
optically clear materials such that celi coltores are optically accessible withowt viewing ports.
In some fnplementations, the components of the cell culture system 100 are substantially

optically clear and include a plorality of viewing potts.

[8861] Figure 48 is a cross sectional view illustrating the internal pneumatic flow channels
ot the control plate 400, As iHhustrated, the control plate 460 inchudes the channels 414(1}-
414(6). The channel 414(1) corresponds the vacuum inlet 408, The channels 414(21-414({6)
cach correspond to one of the prneumatic ports 404 and act as control chanuels for the above
described actoators 402{a)-402(c). Figure 4B illustrates that cach constant-volume pump 412
is connected to the same control channels 414(2)-414(6), and thus operate in unison. In
some implementations, cach actuator 402 within constant-volume pump 412 the control plate

202 1s individually controllable.
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18862] The channel 414¢1) includes a plurality of stems to route a fhad (e.g., 8 hquid or
gas) to the vacuum ports 406. A first vacuum port 406(h) inciudes a relatively larger
dizmeter compared 1o a second vacuur port 406{a). Accordingly, stem 416, which
corresponds to the larger first vacoum port 406(b), inclades a larger diameter to sapport the
mereased flow through vacum port 406(b). In comparison, stem 418, which corresponds to
vacuum port 406{a) includes a relatively smaller diameter. In some toplementations, the
stems 416 and 418 and the fluid flow channels described herein have a diameter of about 1-5

mn, abouat 510 mm, and about 15-25 mm.

[B063] As described above, in some implementations, the actuator is an slectromagnetic
actuator. Figure 4C is an isometric view of a control plate 450 with clectromagnetic actuators

4

(]

2. The controf plate 450 is manufactured on a printed circuit board 454, and similar to
control piate 460, includes a phurality of capacitor ports 410. Additionally, the comdrol plate
450 inchides a mombrane 456 that protects the clecironics of the contrel plate 450 from the
fhuids contained in the above layers. The membrane 456 also allows for a scal between the
condrol plate 450 and the fluid flow plate 204 to protect the electronies from cnvironmental
moisture {¢.g., humidity, for example in an incubator). The control plate 450 also inchides a
phorality of electrical comnectors 458, As illustrated, control plate 450 does not include flaid

flow channels.

18064] In some implementations, the clectromagnetic actuators enable 3 smaller relative
footprint compared to the control plate 400, o some implementations, the actuators 452 are
mmplemented for bi-stable operation with fixed mechanical stops for the pistons they
mcorporate. This enables the actuators to have reproducible stroke vohumes and only require
power during engaged-unengaged transitions. As suggested above, in some implomentations,
the conirol plate 400 with prncumatic actuators is used when it is desired to have no, or a
reduced number of, electrical components within the cell culture platform 102, For example,
if an experimenter is performing clectro-physiclogical experiments and the clectrical
components of the control plate 202 interfere with the electrophysiclogy recordings, then the

experimenter may choose to use a pneumatic based system.

18865] The contrel plate 450 also includes a plurality of connectors 458, Jnsome
implementations, the connectors 438 are used 1o electrically couple the control plate 4506 1o
the controlier 112 for the purpose of activating the actuators 452, In other implementations,
the connectors 458 are used to connect seusors 106 to the control plate 450 and ultimately o
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the control computer 110, In some implementations, pneumatic implementations also include

conneciors 458 for the connection of sensors 106,

18066] Reforring back o Figures 2, 34, and 38, the cell colture platform 102 includes a
fluid tlow plate 204. The fluid flow plate 204 includes a plurality of fiow channels and purap
chambers defined there through. The fhad flow plate 204 acts as an interface between the
control plate 202 and the cell culture vessels 206. For example, the fluid flow plate 204
imterfaces on its dorsal side with the actuators of the control plate 400, A fluid flow is then
routed by the control plate 202 through the fluid flow plate 204 where the fluid can be routed

to the cell culture vessels 206.

[9867]  Insome implementations, the fhuid tlow plate 204 is constructed from transparcut,
chemically stable, and mechanically robust thermoplastic materials such as polystyrene,
polyctherimide, polyimide, polysalfone, or other similar materials. The material of the fluid

flow plate 204 is selected to avoid chemical nstabilitics and chemical absorption.

[8868] Insome implementations, dynamic control over flow through the fluid flow plate
204 s achicved using the above described actuators of the contrel plate 202, For example,
the user can activate specific actuators to close, control the flow rate of, or route fluid away

from channels.

[8869] Insome implementations, the fluid flow plate 204 is disposable. In other
implementations, the fluid flow plate 204 also includes actuators, sensors, and/or "reusable”

componenis as described herein,

188768] Figure 4D dlustrates an enlarged schematic of the example constant-volume purap
412 from the control plate 400, At its center, the constant-volome pump 412 includes a
displacement pump 460 operatively engaged to a displacement chamber disposed in the fluid
flow plate 204. Four flow channels 464 in the fluid flow plate 204 radiate out from the
displacement chamber. A mombrane vaive 4672 in the fluid flow plate 204 and a
corresponding actuator disposed on the control plate 400 s in series with each of the flow

channels 464,

[8871] The constant-volome pump 412 includes a displacement pump 466, The
displacement pump 460 and the membrane valves 462 are described further in relation to
Figures 4F and 4F. Briefly, the displacement pump 460 is located near the center of the

~

15



WO 2016/022722 PCT/US2015/043864

constant-volume pump 412, In some implementations, the displacement pump 460 is an
actuator that gencrates flow by driving & membrane into and out of the displacement chamber
on the fluid flow plate 204, The deflection of the membrane generates a positive or negative
pressure within the displacement chamber, which forces fluid flow through the displacement
chamber. In some implementations, the actuator is a pneumatic actuator, electro-magnetic
actuator, or piczoelectric actuator. In other implomentations, the actuation of the membrane
1§ achicved by pnoumatically producing a partial vacuum or high pressure in the head space
on the non-fhid side of the membrane. In some implementations, electromagnetic actuators
reduce the complexity of a control plaie by enabling elecirical control of the actuators as
compared to pneumatic actuators which are activated by poecurnatic fluid bues. In some
mplementations, the actuators are implemented for bi-stable operation and have fixed
mechanical stops for the pistons. This cnables the actuators to have reproducible stroke

volumes and only require power during engaged-uncngaged transitions.

18672] Insome ioplomentations, cach stroke of the displacement pump 460 produces
between about 0.05 N and about 2 N, between about .25 N and about 1.5 N, or between
about .75 N and about 1.25 N of force. The actuation distance of the membrane during each
stroke of the dispiacement pump 460 is between about 50 pm and about 500 pm, between

about 160 wm and about 400 pm, or between about 200 pm and about 300 pn.

168731  Insome implementations, the constant-volume pump 412 displaces between about
0.1 pl. and about 2.0 ul., between about 0.5 pl. and about 1.5 ul, or between about 0.75 pl.
and about §.25 uLl of thud per stoke of the actuator. This fluid displacement generates a flow
rate between about 6.1 pl/sec and about 25 ul/sec, between about 8.1 pl/sec and about 20
ul/sec, between about 0.1 uil/sec and about 15 ul/sec, between about (L1 pl/scc and about
10 ul./sec, between about 0.1 ul/sec and about 5 pl/sec, or between about 0.1 pl/sec and

about 1 pl/sec.

[8874] The constant-voluome pump 412 alse includes a plurality of membrane valves 462,
As illustrated, the constant-vohume pump 412 inchudes four membrane valves 462, In some
implementations, the constant-volume purap 412 incudes between 4 and 12 valves or
hetween a 4 and § valves, cach coupled to a different flow chaunnel 464, Similar to the
displacement pump 460, the membrane valves 462 include an actuator that drives 4
membrane. In a process described in greater detail in relation to Figures 4E, 4F, and Figure
12, the membrane valve 462 closes the flow channel 464 to which i is attached by driving the

-16-



WO 2016/022722 PCT/US2015/043864

membrane into flow channel 464, sealing the two portions of the flow channel 464 on either
side of the membrane valve 462 from one another. In some implementations, the membrane
valves 462 are normeally open (NO) and fo other implementations, the membrane valves 462
are normally closed (NC). A NO membrane valve 462 enables fluid flow through the flow
channel 464 to which it is coupled when the NO membrane valve 462 is deactivated.
Conversely, a NC valve 462 prevents fluid tflow through the flow channel 464 to which it is
coupled when the NC valve 462 is activated. In some implementations, a spring ot
permanent magnet within the membrane valves 462 provides a static force required to
maintain a closed position when a NC valve 462 is in its defavlt position. For example, a
relatively high pressure fluid stream could force a NC valve open; however, the valve's static

force ensures the valve 462 remains in its closed state untii the valve 462 is actuated.

[9875] The menbrane valves 462 (and displacement purap 460) arc controlied by the above
described controller 112, Control of the membrane valves 462 enables twelve possible fluid
paths through the constant-volume pump 412 {i.c., a fluidic path from cach membrane valve
462 to every other membrane valve 462 of the constant-volure pumap 412). Multiplexed
control of the valves enables a constant flow volome along a phurality of the fluidic paths at
one time. Mubtiplexed control of the valves means that with cach stroke cycle of the
replacement valve 460, the configuration of open and closed membrane valves 462 are
changed (thus sclecting different thuidic paths through the constant-volume punip 412}, To
some implementations, a plorality of flaidic capacitors are coupled to each of the fluid flow
channels 464, such that as the constant-volume pump 412 cycles through the multiplexed set
of fluidic pathways, the output flow from the constant-volume pump 412 along cach of the
multiplexed fhudic pathways 1s converted from a pulsatile flow to a constant-volume flow.
For example, on a first stroke of the displacement pump 460, the membrane valves 462 arc
configured to inject fluid into a cell culture vessel from a fluidic reservoirand thenon a
second stroke of the displacement pump 4606 the membrane valves 462 may be configured
such that the constant-volume pump 412 withdraws fluid from the cell culture vessel and

disposes of the fluid into a waste reservoir.

[8876] The constant-volome pump 412 further includes a phurality of flow channels 464, In
some implementations, the flow chamnels 464 have a width and height between about 0.1 mam
and about 1.5 mm, between about 8.1 mum and about 1 mm, or between about 0.1 mm and

about 0.5 wm. In some implementations, one or more fluidic capacitors {e.g., capacitor ports
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410} are coupled in-line with cach of the flow channels 464. The fluidic capacitors transform
the pulsatile nature of the flow generated by the displacement pump 460 inlo a constant,
steady flow. The flow through the constant-volume pump 412 can be modeled as an RC
circuit. In some implementations, the capacitance of the fluidic capacitors 15 selected such
that the time constant (1) of the flow chanuel 464 is about five times greater than the
switching frequency of the displacement purap 460. The time constant {1}, like in an
electrical RC circuit, is calculated as the resistance of the flow channel times the capacitance
of the fluidic capacitor in series with the flow charmel. As described below, in some
implementations, the cell culture vessel are open such that cells within the cell culture vessel
may be exposed to cnvironmental gases. When the cclf culture vessel is open it 15 important
to use a constant-volume pump 412 to ensure that the cell culture vessel does not overflow.
In an open cell culture vessel pressure does not build up within the cell culture vessel.
Accordingly, in some implementations, 8 volume of fhuid substantially equal to the volume of
fluid injected into the cell culture vessel does not passively flow out of cell culture vessel.
However, the negative pressure created within the constant-volome pump 412 enables the
constant-volume pump 412 to draw a volume of fluid out of the open cell culture vessel

equivalent to the volume of fluid that it injects 1o the open cell culture vessel.

{8877] Figure 4E ilustrates a cross-sectional view of an cxample constant-volume pump
470. The constant-volume pump 470 includes a displacement pump 471 and four valves 472
{two of which are iHustrated in the cross-sectional view). The pistons 473 of the valves 472
and displacement pump 471 arc configured to deflect a membrane 474, The constant-volume
punp 470 also includes a thow channel 475 and a displacement chamber 476 disposed i the

fluid flow plate 204. The membrane 474 is sandwiched between a fhunid layer 477 (e.g., in the

fluid flow plate 204) and an actuation layer 478 {c.g., in the control plate 202},

18078) As described above, the constant-volume pump 470 includes a displacement pump
471 and valves 472, In some implementations, the displacement pomp 471 and valves 472
are actuators. For example, the displacement punp 471 and valves 472 can be
electromagnetic, pieroelectric, or pneumatic actuaters. The displacement pump 471 and the
valves 472 have a diameter between about 2 mim and about 15 mum, between about § mim and
about 10 mum, or between about 7 mum and abouot 10 mm. As illustrated, the valve 472(a) is

deactivated, and the displaceraent pump 471 is returning to its deactivated state, creating a
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vacuum in the displacement chamber 476, As illostrated, this draws a flaid into the

displacement chamber 476.

{8879] The constant-volome pump 470 also includes a membrane 474, In the NO valve
configuration Ulustrated in Figure 45, the membrane 474 is deflected by the valves 472 to
close a channel (as illustrated by valve 472(b}. In some implementations, the membrane 474
is a membrane sheet that is laminated across substantially all of the surface of the actuation
layer 478, In other implementations, the membrane 474 is a component of each of the
displacement purap 471 and valves 472 and is not 2 urdque layer within the control plate. In
some implementations, the membrane 474 is a high-temperature polyurethane, a
fluoropolymer clastomer, or a synthetic rubber. For example, the membrane 474 can include
Viton® {manufactured by DuPont, headguartered in Wikmington, Delaware). The membrane
1§ between about 25 pm and abowt 300 pm, between about 50 um and about 250 um, between
about 100 um and about 200 wm, or between about 100 pm and about 150, The material for
the membrane is selected such that (1} substantially no flow occcurs through the valve 472
when the valve 472 is 1o a closed position, {2) the material is inert, (3} the material does not
absorb chemicals, {4) the material is fatigoe resistant, (5) the material is non-tacky (i.e., the
valve membrane opens relatively casily afier being closed for a long peried of time), (5)
maintains desired propertics though the sterilization process, or any combination thereof. In
some implementations, the membrane is freated to increase the non-tackiness of the material,
In some implementations, the membrane is treated with an abrasive (e.g., sandblasting,
grinding, or sanding). In some implementations, the surface of the membrane is chemically
treated with aluning, titania, zirconia (metal oxides) or 2 combinations thereof. The surface

treatment creates a surface layer between about 50 and about 400 angstroms thick.

18088] The constant-volume pump 470 also includes an actuation layer 478, To some
mmplementations, the actuation layer 478 1s formed from a polyimide, such as Kapton, or an
acrylic. In some implementations, the actuation layer 478 s formed from by coupling a
phurality of layers together. For example, pneumatic channels may be routed into individoal
layers of polyimide. The routed polyimide layers are then bound together with adhesive
layers, examples of which include phenolic butyral, polyurethane (PU) or acrylics (PMMA)
to form a solid actuation layer 478 with pnoumatic channels running therethrough, In
mmplementations with electrical actuators (e.g., clectromagnetic actuators) the power and

signal traces run through the actuation laver.
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18881] The constant-vohumme pump 470 also imchudes 2 floid layer 477 (e.g., the fluid flow
plate 204). The fivid layer 477 contains the fluidic flow channels (c.g., flow channel 475).
The fluid layer 477 also includes the displacement chamber 476, In some implersentations,
the fluid layer 477 1s formed from a class V1 thermoplastic, such as, but not imited to

polyetherimide (PED, polyimide (P}, polyurethane (PU), viton or a combination thereof

[8082] Figure 4F illustrates a cross-sectional view of an example constant-volume pump
480. The constant-volume pump 480 illustraies a NO valve configuration. The constant-
volume purop 480 inclades a segmented flow channel 483, The constand-volume pump 480
also inchudes a displacement pump 481 and four valves 482 (two of which are illustrated in
Figure 4F). The constant-vohumne pump 480 includes a membrane 474 sandwiched between

the fluid layer 477 and the actuation layer 478,

{8683] The constant-volume pump 480 includes the displacement pump 481 and valves
482. To a NO valve configuration, the valves 4872 and displacement pump 481 arc activated
(i.e., opened) by applyving a vacuum to the actuation layer 478 side of the membrane. As
ustrated in Figure 4F, the displacement chamber 484 of the displacement pump 481 is
within the actuation layer 478. In some implementations, the floor of the displacement
chamber 484 is concave, such that the membrane 474 conforms to the floor of the

displacement chamber 484 when a vacuum is applied to the displacement pump 481,

[8884] Now reforring to Figure SA, which ihustrates an isometric view of an example fhuid
flow plate 500. The top sarface of the fhuid flow plate 500 includes a plourality recesses (or
mortises) 504, As described below, the cell culture vessels 206 inchude matching projections
(o7 tenons). The mortises 504 and tenons tnterlock and properly align cell culture vessels 206
with the flow ports 502, As illastrated, the flow ports 502 are included in a subset of the

mortises SO4. In some implementations, each mortise S04 includes a flow port 502.

[BO85]  As illustrated, and referring back to Figures 3A and 38, the fluid flow plate 500
supports six ccll cuiture vessels 206. In some implomentations, the fluid flow plaie 500

supports between | and 10, 10 and 20, 20 and 50, 30 and 100 cell culture vessels 206,

{8086] Figure 5B illustrates a cross-sectional view of the fluid flow plate 506 from Figure
SA. Asrevealed by the cross-sectional view, the fhud flow plate 500 inchudes a plurality of
floid flow channels 508, In some implementations, the fhuid flow channels 508 connect one

or more flow ports 502 to other fluid flow channels 508, Thus, in some implementations, the
220-
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fhid flow channels 508 connect one or more cell colture vessels 206 and/or interconnect
different portions of a single cell culivre vessel 206, In some implementations, the fluid flow
plate 500 includes a plurality of layers cach of which include additional fiuid flow channels
S08. For example, the fluid flow plate 500 may include a first layer of fhud flow chamels
SO8 that run along a first axis and a second set of fluid flow channels 508 that run orthogonal

to the first axis.

{8087} Refeorring back to Figures 2, 3A, and 3B, the cell culture platform 102 includes a
plurality of cell culture vessels 206{1)—(»n), where # 15 the numsber of cell culture vessels. As
described above, various cell culture platforms 102 can support between 1 and 10, between
10 and 20, between 20 and 50, or between 50 and 100 cell culture vessels 206, In some
implomentations, the cell colture vessels 206 are configured o house a specific celi type
and/or cells from a particular organ type. [n some implementations, the cells from the
particular organ type inchude a plurality of cells types related to the particalar organ. For
example, when the cell culture vessel 206 is configured to house organ cells, the cell culture
vessel can be configured to culture Loop of Henle thin segment cells, tubule cells, collecting
duet cells, and glomerulus parictal cells. In some implementations with multiple cells types
relating to a particular organ type, a first cell type related to the organ is enltured above a
permeable membrane and a sccond cell type related to the organ is cultured below the

permeable membrane.

[8088] In some implomentations, the cell culture vessels 206 include a common exterior
form factor regardiess of the internal configuration of the cell cultare vessel 206. For
example, cach cell culture vessel 206 can inclode the above described tenons and fleid ports
at predetormined locations so the cell culture vessels 206 can be placed in any cell culture

vessel slot on the fluid flow plate 202.

{8689] In some iroplementations, the cell culture vessels 206 arc configured to support
specific cell and/or organ tissue types. In some implementations, the cell culture vessels 206
may include specific scaffolds or structures to enable 3-dimensional cell growth of a specific
cell and/or organ type. In other implementations, the cell culture vessels 206 are configured
to support specific cell and/or organ tissue types by providing a predetermined flow rate to
the cell culture vessel 206 and/or by providing predetermined fhuds {e.g., specific media
puxtures) to the cell culture vessel 206, For example, a cell type that requires a high shear
force can be cultured in a cell culture vessel 206 with a plurality of input ports and a plurality
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of output ports. The phirality of input and output ports enable a relatively larger volume of
fluid to flow through the cell colture vessel 206, thus imparting a relatively larger shear force
on the cells within the cell culture vessel 206, In some implementations, cells that require
little or no shear force may be cultured in cell culture vessels with a single port, such that
nutrients diffuse toto the cell culture vessel through the single port under no force from a

fluid flow.

{8698] 1o other implementations, based on their physiclogical requirements, cells are
cultured in a scaffold submerged 1o roedia or on 2 membrane at an air-liguid iderface. For
example, alveolar cells from the lung may be placed in a cell culture vessel 206 that is
designed to provide air to the top-side of the cells while supplying the dorsal side of the cells
with nutrients. In another example, liver cells may be coltured on a permeable membrane
above  reservoir such that diffusion can occur through the Hver cell layer and membrane fo

the reservoir,

[B091] As described in greater detail below, in some implementations, the cell culture
vessels 206 inchide slots for one or more cell culture inserts. The cell culture inseris house
the cells cultured in the celf culture vessel 206. The cell culture inserts are removable and
enable the individual cultures to be seeded and grown outside of the cell culture system 100,
For example, a company may sell pre-seeded cell culture fnserts, which 4 researcher

purchases and then inseris into 3 coll culture system 100

[8092] Insome implementations, the cell culture vessels 206 include multiple
compartments that are scparated by semi-permeable membranes. In some implementations,
the membranes can inclade specific matrix components representing the surface chemistry,
mechanical stiffness, and porosity of in vive tissues. In some implementations, cells are

cultured directly on the membranes.

[8893]  As with the other components of the cell culture platform 102, in some
implementations, the cell culture vessels 200 arce disposable. The cell culture vessels 206 are
manufactured from optically transparent materials such as pelystyrene and/or polyimide. The
cell cultare vessels 206 materials are stable and compatible with cell cultie and biological
fhids relative to conventional microfhuidic materials. For example, in some
implementations, the cell culture vessels 206 are manufactured from PDMS. In some

mplementations, disposable cell culture vessel components are manufactured from
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thermoplastics sach as polystyrene, polycarbonate, cyclic olefin copolymer (COC), or any
combination theroof. In some implementations, the cell culture vessels 206 are manufactured
by direct machining, embossing, injection molding, or any combination thercof may be used.
{n some mplementations, the control plate 202 and/or flaid flow plate 204 are mamufactured

through similar processes with similar materials to those described above.

18094] In some implementations, the cell culture vessels 206 and/or the fhuid flow plate 204
imchide one-way valves. The one-way valves enable the coll culture vessels 206 to be
temporally removed from the fhuid flow plate 204 during experimentation. For example, a
user may remove 8 cell culture vessel 206 from the cell culture platform 102 to perform a

separate experiment or test on the cells within the removed cell colture vessel 206.

18095] In some implomentations, the above described fluid reservoir 118 and/or waste
reservoir 120 can have the same form factor as a cell cufture vessel 206, enabling the fluid
reservoir 118 and/or the waste reservoir 120 to be modularly added to the cell culture
platform 102, The fluid flow plate 204 and the conrol plate 202 can then flow growth media
or other fluids (such as a medication or toxin) from the reservoir 1o the other components of

the ceil culture platform 102,

[8096] As described below, in some implementations, the cell culture vessels 206 include
customized scaffold structures for cach physiological system model. Tn some
mplementations, the scatfolds {also referred to as cell calture inserts) enable individual
models to be developed separately from the cell culture platform 102 and then supplied

ndividually for practical implementation.

[8897] Insome implementations, specialized drug storage and delivery may be required for
specific coll culture vessels 206 {e.g., delivering insulin to a cell culture vessel 206 culturing
Liver celis). These implementations can inchide custom modules fitied to the above described
tids of specific colture wells. For example, and referring to Figure 3B, the port 304 on hid
302 may be used to enable delivery of an agent to the mterior of ccll culture vessel 206(h). In
some implementations, the delivery module is controlled by the control plate 202 and/or

divectly by the controller 112

{B098] Figures 6A-6D illustrate schematics of various example cell culture vessels. Ag
iustrated, each cell culture vessels 600, 610, 620, and 630 includes an inlet port 602 and an

cutlet port 604. In some implementations, the cell culture vessels include a plurality of inlet
223
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ports 602 and/or a plurality of outlet ports 604, In certain implementations, cach port of a
cell culture vessel 206 is configured to be an inlet port 602 or an outlet port 604 by

configuring the fluid flow plate 204 with the one or more actuators in the control plate 202.

168991 FHach cell culture vessel 600, 610, 620, and 630 also includes a cell culture insert
606. As described above, the cell culture msert 606 enables the off-platform culturing of
cells. The cell culture vessels include slots which secure the cell culture inserts 606 in place.
In some implementations, the bottont surface of the cell culture insert inclodes a son-

perraeable merobrane on which cells are cultured.

18100] Figure 6A illustrates a cell culture vessel 600 configured for a basal flow 608, As
described above, some cells are responsive o specific flows and/or shear forces. For
example, a cell population of Hver cells may more closely mimic in vive liver cells if exposed
{o a shear force. By employing a ccll culture insert 606 with a permcable membrane, the
configuration of cell culture vessel 600 exposes a cell's basal membrane to a flow and thus
the described shear force. In some implementations, a basal flow allows the dorsal surface to
be expesed to gases. For example, this type of configuration may be used to mimic alveolar
tissue. In this example, alveolar epithelial cells are cultured in the cell culture tusert 606.
Nutrients are supplied to the cells through the basal flow 60¥, as the colls are exposed to gas

along their top surface.

[B8181] Figures 6B and 6C illustrate cell culture vessels 610 and 620, respectively. The cell
culture vessels 610 and 620 are configured to provide a top flow. The cell culture vessel 61
includes a raised cell culture msert 606, The raised cell culture inscrt 606 enabies diffusion
through the cells and indo a reservoir space 611 lecated bencath the fnsert 606(b). In some
mmplementations, the cell culture configuration of cell colture vessel 620 is used to culture gt
epithelial cells. Figare 61 illustrates the cell culture vessel 63{. The celi culture vessel 630

is configured to allow flow above and below the cell culture insert 606,

{8#102] Figure 7A illustraies an isometric view of one example implementation of a cell
culture vessel 630, similar to the cell culture vessel 206(b) 1n Figure 3A. Exteriorly, cach
wall of the cell cultare vessel 700 includes a recess used to secure the cell culture vessel 700
to a fluid flow plate 204 with thumb-screws. The interior of the cell culture vessel 700
imciudes a top flow area 704 and cell culture arca 706. In some implemeniations, the fioor of

the cell calture area 704 is a semi-permeable membrane.
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[8163] Figure 7B illustrates an isometric cutaway view of the cell culture vessel 70, As
revealed by the cut-a-way, the coll culture vessel 700 includes a lower flow area 708, Fluid
flows into and out of the lower flow arca 708 through ports 710, The arrow 712 illustrates
one possible flow pattern through the cell culture vessel 700, A id 714 1s optionally coupled
to the cell culture vessel 700, The lid 714 is manufactured with similar materials as the cell
cultore vessel 700, In some implementations, the Hd 714 is transparent to provide optical
access to the cells within the cell culture arca 706, The hid 714 also includes a plurality of
access ports 716, In some implomentations, the access ports 716 are used to introduce a gas
and/or a liquid into the top flow arca 704. The gas and/or liquid is supplied to the access
ports 716 through the control plate 202 and/or the fluid flow plate 204 in some
mplementations. In other implementations, the gas and/or liquid supply to the access ports
716 1s independent of the cell colture platform 102, In some mplementations, the cell cultore
vessel 700 is used to culture fung tissue. For example, lung cells are cultured within the cell
culture arca 706, Nutrients in the lower flow arca diffuse to the cells through the seo-
permeable membrane of the cell culture area 706, Gas, emulating gas within 2 human's

hungs, is passed into the top flow arca 704 through the access ports 716.

[#184] Figure 8 illustrates another implementation of a cell culture vessel 206. Figure 8
itustrates a top view of cell coltore vessel 800, similar to the cell culture vessel 206{a} in
Figure 3A. The cell culture vessel 800 includes an indet port 802, The fluid flow cotering the
cell culture vessel 800 is directed around a wall 804 and toward an cutlet 806, The outlet 806
is recessed within a slot 808, which is similar {6 above described slots for securing the cell
culture jnserts. In the cell culture vessel 8040, a portion of the thuid tlow flows through the
cells and membrane of the ccll culture nsert to reach the outlet R06. Recesses 810 enable
excess fluid to bypass the cell culture insert and flow directly to the outlet 806, Insome
implementations, a cell culture vessel similar to the cell culture vessel 800 is used for

culturing cells, such as Hver cells, in the presence of a shear force.

18185] Figure 9A ilhustrates a cross sectional view of an actuator 90{ suitable for inclusion
m the control plate 202 for controlling fluid paths in the fluid flow plate 204, The actuator
500 is housed within control plate 902. A fluid flow plate 504, which inclades the flow
channel 906, is coupled to the control plate 902, To ciose the flow channcl 906, the actuator

500 drives its piston upward. As described above, a membrane 908 separates the actuator

)
wh
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from the fluid of the fluid flow plate S04, Unce deployed the piston drives into a recess 910

in the top of the flow channcl. This creates a scal, closing the channel 906.

{8106] Figurce 9A also tilustrates g fluidic capacitor 912, In some tmplementations, one or
more fluidic capacitors 912 arc included in the flow channels of the cell culture platforom 102,
The fluidic capacitor 912 smooths a fluid flow through the channel to which it is attached.
The fluidic capacitor 912 mchides a membrane 914 above a cavity 916, Responsiveioa
pulsatile wave {or other non-smooth flow) the membrane 914 deforms into the cavity 916,
The expansion of the channel into the cavity 216 slows the pulsatile wave and smooths the

flow through the channel.

[9107] Figure 98 illustrates a cross sectional view of example actuators configured to inject
and/or withdraw fhiid samples for a cell culture system. As illustrated in Figure 0B, a fhad
channel 950 runs below a cell colture vessel 952, An injection/withdrawal (VW) module 954
is coupled to onc end of the channcl 9530, The /W module 954 includes # first actuator 936,
which when activated seals the /W module 954 off from the fluid channel 950. The
mechanism of the first actuator 956 is similar to the above described actoator 908 illustrated
in Figure YA, Briefly, the first actuator 956 drives a membrane 962 into a recess in the top of
the fluid channel 930, which creates a seal and closes the VW module 954 off from the fluid
channel 950, The /W module 954 also includes a second actuator 938, which 1s coupled to a
second membrane 964. The /W moduie 954 also includes a reservoir 960 to store fluid for
injection snd/or after withdrawal Insome inmplementations, the VW module 954 also
melades an access port (not llustrated) to enable the injection and/or withdrawal of flaid

from the reservoir 960.

8168] To withdraw (also referred to as sipping) a samople from the fluid channel 950, the
first actuator 954 lowers. With the first actuator 954 lowered, a fluid can enter the VW
modale 954, The second actuaior 958 retracts its piston, and drives the second mombrane
964 upward. The upward movement of the membrane 964 creates a vacuum in the reservoir
560, which draws a fluid from the flaid chamel 950 ito the reservoir 960. To mject a fhud
into the fluid channel 950, a similar process occurs. During a fluid injection, the second
actuator 958 extends its piston, creating a pressure build up in the reservoir 960. Respousive
to the first actuator 956 opening access to the fluid channel 950, the pressure build up drives

the fluid in the reservoir 960 out of the IY'W module 954 and into the fluid channel 950.
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[8169] In some implomentations, the I/W module 854 does not require the second actuator
658 {0 withdraw fluid from the fluid channel 950, For example, the flow present in the fluid
channel 950 may drive fluid into the rescrvorr 960, In some implementations, the VW
module 954 is a component of the above described fhud flow plate, cell culnre vessels, or
control plate. For example, the VYW modale 954 may be a component of a cell culture vessel
and inject or withdraw floid directly from the cell culture vessel. In other implementations,
the /W module 954 is a separate module form the cclf culture platform, and may be

modalarly added to any of the cell culture vessels and/or the fluid flow plate.

{B8118] Figure 10 illustrates a flow chart of a method 1800 for culturing a plurality of cells.
In some implementations, the method 1000 is used to test the interplay of organ systems in
vitro. The method 1006 iochudes providing a first and second cell culture vessel (step 1001}
The method 1000 alse includes providing a cell culture platform (step 1002). Cells of a tirst
type are disposed in the first cell culture vessel and cells of a second type are disposed in the
second celi culture vessel (step 10033 Then, the cell colture vessels are coupled to the cell
culture platform (step 1004) and 2 fluid path {also referred to as a fluid cirewit) is contigured
to the first and/or second cell cultare vessels (step 1005). The method 1000 also includes
flowing a fluid through the cell culture platform to the first and second cell culture vessels

(step 1006},

18113}  As set forth above, the method 1000 begins with the provision of a first and second
cell culture vessel (step 1001) and celi culture platform (step 1002). The first and second cell
culture vessels can be similar to the cell culture vessels deseribed above in relation 1o Figures
2-3B, and 6A-8. In some implementations, the first and second cell culture vessels are
configured differently. For example, the first cell coltore vessel can be configured to culture
tissuc from a first organ (e.g., lung tissue), and the second cell culture vessel can be
configured to culture tissue from a second ovgan {e.g., liver tissue). For example, the first
cell culture vessel may be the cell culture vessel 700 illustrated in Figare 7TA and the second
cell culture vessel may be the cell culture vessel 800 illosirated in Figure 8. Tn some
mplementations, the cell culture platform is the cell culture platform 102 discussed above.
In some implementations, one or more cell culture vessels are already coupled to the cell

culture platform 102 prior to the beginning of the methed 1600

[8112] Next, a first type of cells are disposed in the first cell cultore vessel and a second

type of colls are disposed in the second cell culture vessel (step 1003). In some



WO 2016/022722 PCT/US2015/043864

mnplementations, the cell culture vessel configurations selected in step 1001 s responsive to
the type of cells a user intends o use n step 1003, In some mmplementations, 3 user 1s able to
InHC an organ system by combining a specific cell type with a specific cell cultare vessel
configuration. For example, a user may select to combine alveolar cells with a celf cultore
vessel configuration that provides a iquid-gas interface (e.g., the ccli culture vessel 700

iHustrated in Figures 7A and 7B).

[8113]  In some implementations, the first and sccond cell types are different cell types. In
these implementations, a user may combine different cell types and cell cultire vessel
configurations to mimic a plurslity of organ systems. In some implementations, the organ
systems correspond to two or more of a liver, a lung, or a kidney. As described below, in
some implementations the modular combination of multiple organ systems enables a user to
study the interactions between those organ systems. In other implementations, a user can use
a coll culture platform culturing a plorality of inierconnecied organ systems to study drug

dosing and drug uptake,

[8114] Nexu, the first and second cell culture vessels are coupled to the cell culture platform
(step 1004}, In some implementations, as described above in relation to Figures 2-38, the
cell culture vessels are coupled to a fluid Hlow plate, which acts as an interface between a
control plate and the cell cultore vessels. In some implementations, the ccl culture vessels

arc reversibly coupled to the control plate and/or fluid tlow plate.

181158] The roethod 1000 further includes configuring a fluid circuit between the fivst and
second cell culture vessels {step 1005). As described above, in some implementations, an
actuator 1s coupled to {or within the control plate). Activation of the actuator controls at least
one valve in the fluid flow plate and/or cell culture vessels. By activating the one or more
actuators in the cell culture platform, a user configures a fluidic circuit that routes the fluid

flow between the first and second cell culture vessels.

[8116] Responsive to coupling the first and second cell culture vessels to the control plate,
a fluid is flowed through the cell calture platform to the first and second cell calture vessels
(step 1006}, In some implementations, the fluid enters the cell culture platform at an
mterface with the fluid flow plate. In yet other implementations, the fluid enters the cell
culture platform through one or more of the cell culture vessels. In some tmplementations,

flowing the fluid throogh the cell culture platform constitutes recirculating the fhnd through
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the cell culbure platform. In some implementations, the fluid is a growth mediom, blood, a

gas, o1 any combination thereof.

{8117]  In some implementations, the method 1000 further inchudes disposing a third cell
type o a third cell culture vessel and then coupling the third cell culture vessel to the cell
culture platform in addition to or n place of the first and second cell culture vessels. In other
implementations, the method 1000 also tnclades reconfiguring the fluid cirenit created in step
1006 by activating one or more actuators. For example, by activating one or more of the
actuators, the above-described fluid cireuit can be reconfigured to include the third cell
culture vessel. In other implementations, the method 1000 inchudes rearranging and/or
removing the first, second, and/or third cell cubture vessels within the cell cultwre platform.
In yet other implementations, the method 1000 mcludes measuring a parameter within the
cell cultare platform 102, For example, a teraperature in one of the cell culture vessels and/or
a flow rate through the flaid circuit may be measured. In some implementations, a cell
culiuire vessel is temporally removed from the cell culture platform 102 to perform the
measurement. [n other implementations, a cell culture vessel 1s permancently removed and

replaced with a cell cultare vessel housing similar or different eclls or organ tissue type.

18118]  One of ordinary skill in the art will recognize that in some implementations the
above method steps of the method 1000 may be performed in a different order or one or more
of the method steps may be omitted. For example in one ioplementation, the fluid circuit
may be configured prior to the coupling of the cell culture vessels to the cell culture piatform.
n a similar example, a user may purchase a thid flow plate that includes preconfigured fluid
flow channels and therefore does not have to be configured once coupled to the ceH culawe

platform.

[8118] Figure 11 illustrates an example schematic of a use case of the above described
system. The schematic illustrates a system 110{ that, in some implementations, is used to
mvestigate drug candidates. The system 1100 corresponds 1o a cell culture platform caltaring
cells that correspond to four organ systems. In some implementations, one or more cell
cultore vessels correspond to cach organ system. The four organ systems of the system 1100
mchude tracheobronchial tissue 1102, alveolar tissue 1104, small intestine tissue 1106, and
hiver tissue 1108, Using the plurality of valves 1110 and constant-volume pumps 1112,
which correspond to actuators in a control plate, two circulatory clrcuits are created within
the fluid tiow plate used o implement the system 1100, The first circuit 1114 represents a

239,
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circulatory {or cardiovascular) system. The first circuit 1114 provides nutrients to each of the
organ systems 1102, 1104, 1106, and 1108, In some implementations, the fluid used o the
transport of nutrierds and other chemicals to cach of the organ systems 1102, 1104, 1106, and
110R is a growth medium, blood, or a blood analyte. The second circuit 1116 Gllustrated as a
dashed hine} is coupled to only the small intestine tissue 1106 and the liver tissue 1108, The
second circuit 1116, small ntestine tissue 1106, and liver tissue 1108 correspond to a

ymphatic system and filter waste and other materials from the first civcuit 1114,

[8128] I the system 1100, each of the cell culture vessels used to implement the system
100, provide a top flow and a bottom flow, stroilar to the cell culture vessel 630 illustrated
i Figure 6D, For example, in the cell culture vessels corresponding to the alveolar tissue
1104 and the tracheobronchial tissue 1102, the cells arc provided nutrients through fluid from
the first circuit 1114, which flows through the lower chamber of the cell culture veossels. In
the top chamber of the cell caltare vessels, the alveolar tissue 1104 and the trachechronchial
fissue 1102 are exposed to oxygen. Exposure to oxygen on one side and the fluid of the first
circuit 1114 on the other, enables the cells of the alveolar tissue 1104 and the

tracheobronchial tissue 1102 to oxygenate the flind while also removing CO;.

18#123]  The bottom flows in the cell culure vessels, which correspond to the small intestine
tissue 1106 and the Hver tissue 1168, also origimate from the first circuit 1114, As deseribed
above, fluid from the first circuit 1114 is used to supply the respective tissue with nutricnis.
In the cell culture vessels that correspond to the small fotestine tissue 1106 and the liver
tissue 1108, the top flow is a component of the flow from the second cireuit 1116, In
addition to receiving nutrients from the fluid of the first circuit 1114, the small intestine tissoe
1106 and the liver tissue 1108 filter the fiuid of the first cirewit 1114 and transfer the filtered

waste to the fluid of the second circutt 1116, where it can be removed from the system 1100,

{8122] By culturing organ specific tissue types within a biomimetic environment {e.g.,
within a cell culture vessel as described above wherem the temperature, humidity, and other
parameters mimic in vive conditions) and interconnecting each of the organ systems ina
physiologically meaningful way, cxperiments can be conducied on in vitro cells that
substantially minvc the responses of in vive cell populations. For example, a predetormined
dose of a drug can be introduced to the system 1100 through the drug delivery system 1120,
Starting at the drug delivery system 1120, the first cirenit 1114 of the system 1100 transports
the drug to cach of the organ systems 1102, 1104, 1106, and 1108, The arrows 1250

230-



WO 2016/022722 PCT/US2015/043864

ifhustrate the path taken by drug through the first cirenit 1114, The cells uptake the drag as it
flows through the first circuit 1114, Additionally, some of the drug is filtered out of the fluid
of the first cirenit 1114 as it civculates through the systern 1100, For exaraple, the alveolar
tissue 1104 may remove some of the drug as an off gas when the alveolar cells remove CO»
from the fluid of the first circuit 1114, The hiver tissue 1108 may also filter the drug out of
the fluid of the first circuit 1114 and then transfer the drug to the fluid of the second circuit

1116,

18123]  As the drug flows through the systers 1100, 2 number of measurements can be
made. For example, a user may monitor the pH ot the fluid in the first civeuit 1114 10
determine if the drug is causing the fluid to become basic or acidic. A user may sample the
waste collected in the fluid of the second circuit 1116 to determing if the drug dosage is too
high. For exaraple, a user may perform experiments wherein the drug dosage is lowered to
the point where the drug is substantially not present in the fluid of the second circunt 1116, In
some implementations, a substantial amount of drug i the fluid of the second circuit 1116

ndicates that too much drug is being introduced info the system 1100

{8#124] Insome implementations, the user may temporally remove one of the cell colture
vessels correspounding to one of the tissue systems and examine the cells in the cell culiure
vessel with the above described microscope. For example, the user may examine the cells
with a microscope to determine if the drag is causing damage {0 the cells. In some
implementations, the user can examine cells within a cell culture vessel without reraoving the

cell culture vessel from the cell culture platform.

18128) Figure 12 illustrates a flow chart of an example method 12040 for flowing a fluid
through a constant-volume pump. First, a ccll culture system with a constant-volume pump is
provided (step 1201). The method 1200 includes closing a first membrane valve {step 1202).
Fluid is then drawn into the displacement chamber (step 1203). A sccond membrane valve is
then closed (step 1204) and the first membrane valve s opened (step 1205). The
displacement chamber is evacoated (step 1206). Finally, the fluid is flowed out of the

constant-voltme pump (step 1206).

18126] As set forth and also referring to Figure 4D, the method 1200 begins with the
provision of a cell culture system (step 1201). The cell culture system includes a conirol

plate, which actuates a constant-volume pomp similar 1o the constant-volume pump 412
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ifhustrated in Figure 4D, The constant-volume pump includes a central displacement pump
and a plurality of channels radiating away from the displacement pump. As illustrated in
Figure 413, in some mplementations, the constant-volume purmp includes four flow chamnels.
A membrane valve 1 coupled in-line with each of the flow channels. In some
implementations, a floidic capacitor is also coupled in-hine with one or more of the flow

channels.

18127} The method 1200 also includes closing a first membrane valve (step 1202). As
described above in relation to Figures 4E and 4F, in a NO configuration a thuid channel is
closed by activating the membrane valve and in a NC configuration the fluid channel s
closed when the membrane valve is n its defanlt state. The first membrane valve is the
membrane through which the fluid flows in the final step of the method 1200, For example,
and referring to Figure 41, assume that moembrane valve 462(a) is coupled to an input of a
cell culture vessel, membrane valve 462(d) is coupled to an output of the cell culture vessel,
valve 362(h) is coupled to a fluid reservoir, valve 362{(c} is coupled to a waste reservoir, and
that cach of the valves 362 are NC valves. If fluid is to be flowed into the cell culture vessel,
m step 1202, valve 262(a) is closed. Closing the valve of the destination channel ensures that
the fluid that fills the displacement chamber in the pext step does not come from, in this

example, the cell culture vessel.

{8128] Next, the method 1200 includes drawing the fluid into the displacement chamber
{step 1203). Fhuid is drawn o the displacement chamber by deflecting the membrane of the
displacement pump. The drawing of fhnd into the displacement chamber is termed the in-
stroke of the displacement pamp. The deflection of the membrane creates a vacuum within
the displacement chamber, causing the displacement chamber {o be filled with fluid from any
of the fluid flow chamnels coupled to the displacement chamber which have 2 membrane
valve in the open state. For example, continuing the above example, the membrane valves
362(2), 362{(c}, and 362{(d) may be closed such that the displacement chamber is filled with

liguid from the fluid reservoir.

1#129]  The method 1200 includes closing a second membrane valve (step 1204). Unce the
displacement chamber is filled with fluid, the second membrane valve is closed. The second
membrane valve is coupled to the fluid chanmel that provided the fhad to fill the displacement

chamber ~ for exarmple, valve 362(b} in the above example.
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18138] The method 1200 also inclodes opening the first membrane valve (step 1205). In
some implementations, the closing of the second membrane valve (step 1204) and the

opening of the first membrane valve (step 1205) occur at substantially the same time.

18131} Respousive 1o the opening of the first membrane valve, the displacement chamber is
evacuated {step 1206). The fluid is evacuated from the displacement chamber by the out-
stroke of the displacement pump. The deflection of the membrane by the displacement pump
duoring the out-siroke pressurizes the displacement chamber, forcing fluid to flow out of the
displacement chamber. Next, the method 1200 inchades flowing the thuid through the first
channel (step 1206). The pressurized displacement chamber causes fluid to flow through the

open valve of the first channel and into the first flow channel,

[8132] Insome implomentations, the above method is repeated using 2 different
combination of valves to flow fluid along a second fluidic path of the 4-port, constant-volume
punyp. For example, contimaing the above example, and referring to Figure 4D, with 2
second in-stroke of the displacement pump 460, the membrane valve 462(b) 1s closed and the
membrane valve 462(d) is opened, drawing waste from the cell culture into the displacement
chamber. With the second out-stroke of the displacement punmp 460, the membrane valve
462(d) is closed and the membrane valve 462(¢) is opeoned, flowing the waste fluid into the

waste 1eservoir.

{8#133] Various sample culturing ov other experimental systerns discussed above can inclade
periodic fluid circulation and mixing procedires and mechanisms, for example, to regulate
fluid content. In one arrangement, circulation and mixing can be accomplished via a pump
(e.g., the 4-port, constant-volume pump) connected to two fluid reservoirs, mixing fluid as it
flows between reservoirs. In such a system, fluid accumulation in one reservoir corresponds
with fluid depletion in the other reservoir. However, if fluid circulation is performed
periodically for an extended period of time, any asymmetry between the forward and reverse
pumping speeds or forward and reverse time intervals will result in incremental fluid level
changes in the reservoirs. Potential issues arising from such pumping asymmetry include

fluid depletion, and in open fluid chambers, potentially fluid overflow.

18134] Figure 13 illustrates a conceptoal diagram of a fluid circulation and mixing system
1304, according to an example embodiment. The fhuid mixing system 1300 is configured to

circulate floid through a plurality of chambers (e.g., cell culture vessels 206 via the fluid flow
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plate 204 shown i Figure 2) while maintaining a range of floid volumes within each
chamber, The system 1300 includes a first chamber 1302, a second chamber 1312, anda
pump 1320, At least one of the first chamber 1302 and the second chamber 1312 arc open
fluid containers, such that a fluid 1308 disposed therein is exposed to the air. That i, the first
chamber 1302 and the sccond chamber 1312 are not enclosed or otherwise sealed from an
external environment. The external environment can inclade, for example, a farger enclosure

housing the chambers, or the atmosphere.

{8135] The first chamber 1302 and the second chamber 1312 are configured to individually
contain fluid 1308 within a defined vange of volomes. The fluid 1308 is a hquid mediom
selected or configured to suit a given experimental or other application. For example, the
fluid 1308 may primarily serve o provide moisture to one or more samples {e.g., which may
or may not be Hving tissue) contained in the chambers. fn another arrangement, the fluid
1308 may serve to provide a source of nutrients to living samples in a given chamber. In yet
another arrangement, the fluid 1308 may serve as a delivery vehicle for testing the
ctfectiveness of therapeutic conpounds on living samples in a given chamber. As one of
skill in the art would recognize, circulating thiids can serve any of several additional

PUIPOSES.

{8136] The first chamber 1302 includes a first sample 1310 and the second chamber 1312
imciudes a second sample 1318, The first sample 1310 and the second sample 1318 are cach
biclogically or chemically active articles that rely on or react to the presence of the fluid 1308
ot analytes therein, or are subject to testing involving the presence of set volumes of the flind
1308. For example, cither or both of the first sample 1310 and the second sample 1318 may
ncluade living cells {e.g., tracheobronchial tissue 1102, alveolar tissue 1104, small intestine
tissuc 1106, and Hver tissue 1108) that actively generate cellular factors {e.g., paracrine and
endocrine factors, inchuding cytokines and hormones) in the presence of fluid 1308, In such
an example, the generation of celhular factors can change the composition of a static volume
of the fluid 1308 in an experimentally undesirable manuer (e.g., affecting the overall
concentration of cellular factors in the fhid 1308). In ancther example, one or both of the
first sample 1310 and the second sample 1318 may metabolize nutrients or tested compounds
provided via the fluid 1308, and as such, may depend on replenishing outrients or tested

compounds in the fluid 1308 after a cortain period of ime.
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181371 Assuch, the first chamber 1302 and the second chamber 1312 are cach configured
{0 contain a defined range of fluid volumes. The first chamber 1302 is configured to contain
a vange of volumes of the fluid 1308 corresponding to a defined first level 1304 of fluid 1308
at maximum and a defined second level 1306 of fluid 1308 at minimum.  In turn, the second
chamber 1312 15 configured to contain volumes of fhid 1308 in a range corresponding o a
defined third fovel 1314 of fluid 1308 at maximum and a defined fourth lovel 1316 of fluid
1308 at mintmuo. Hach range is determined by experiimental parameters, or by the needs of

the first sample 1310 and the second sample 1318

{8138] The pump 1320 1s a fluid pressure manipulating device (¢.g., the fluid pump 114)
operatively engaged to one or more fhid conduits that fluidically couple the first chamber
1302 to the second chamber 1312, As such, the pump 1320 may draw fluid 1308 from the
first chamber 1302 and provide 1 1o the second chamber 1312, as well as draw fluid 1308
from the second chamber 1312 and provide it to the first chamber 1302, The pump 1324, its
control logic (not shown) and asscciated fluid conduits are configured such that lovels of the
fiid 1308 in cach chamber does not exceed the range defined by the first level 1304 and the
second level 1306 or the range defined by the third level 1314 and the fourth level 1316, As
discussed above, tn some arrangements, the pump 1320 may be disposed in and wtilize

stractures within the fluid flow plate 204 and the control plate 202.

{8139} For example, fluid 1308 in the first chamber 1307 1is initially disposed at the first
level 1304, and thad 1308 in the sccond chamber 1312 is initially disposed at the fourth fevel
1316, After a first period of time, the pump 1320 suctions fluid 1308 from the first chamber
1302 and provides the suctioned fluid 1308 to the second chamber 1312, The pump 1320 and
associated conduits are configured such that the fhuid 1308 is suctioned from the first
chamber 1302 only until the second level 1306 is reached. As such, the pump 1320 provides
fhind 1308 to the second chamber only until the third level 1314 is reached. After a second
period of time, the pump 1320 restores the fluid 1308 in the fivst chamber 1302 back to the
first level 1304 and restores fluid 1308 in the second chamber 1312 back to the fourth fevel
1316, The pump 1320 and associated conduits are configured such that the ranges of
volumes of fluid 1308 are maintained despite any vartance in rate, frequency, or doration of
operation of the pump 1320, Additional features and details regarding the system 1300 is

discussed in more detail below.
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[8148] Figure 14A illustrates a first arrangement 1400 of a fluid circulation and mixing
system that include leveling devices. The first arrangement 1400 includes a fluid sipper 1420
commumnicatively coupling a first chamber 1402 {c.g., the first chamber 1302) to 2 second
chamber 1412 (e.g., the second chamber 1312). The first chamber 1402 and the second
chamber 1412 are composed of materials that are largely unreactive and chemically ert, for
example glass, certain plastics, metals, or alloys thereof. The first chamber 1402 and the
second chamber 1412 each include 2 volume of fluid 1408 {e.g., the fluid 1308), as wellas a
first sample 1410 (e.g., the first sample 1310) and a second sample 1418 {c.g., the second
sample 131¥), respectively. The fluid 1408 in the first chamber 1402 aliernates between a
maximoum first level 1404 and a mindowm second level 1406 defining a first vange of desired
fhoid volumes, while thad 1408 i the second chamber 1412 alternates between a maximum
third level 1414 and a minimum foorth level 1416 defining a second range of desived fluid

volumes,

{8141] The fluid sipper 1420 is a hollow fluid conduit formed of a largely unreactive or
chemically mert material (e.g., stainless steel) that is operatively engaged to a fluid pump
1426. In some arrangements incorporating the fluid flow plate 204 and/or the control plate
202, the fhuid sipper 1420 may be coupled to a respective plate port and fluidically sealed
thereto via a deformable O-ring. The fluid sipper 1420 includes an orifice at a first end 1422
disposed in the first chamber 1402 and an orifice at a second end 1424 disposed w the sccond
chamber 1412, A body portion of the fluid sipper 1420 extends from the first end 1422, cut 2
top portion of the first chamber 1402, across to and into a top portion of the second chamber
1412, and terminates at the orifice at the second end 1424, The orifice at the first end 1422 i
disposed in the first chamber 1402 at a depth corresponding to the lower boundary of the first
range of destred fluid volumes. In the arrangement shown, the orifice at the first end 1422 s
disposed at a depth corresponding to the second level 1406, In some such arrangements, the
depth of the first end 1422 or the height of the second level 1406 is adjusted to account for
characteristics of the fluid 1408 and materials used in the thud sipper 1420, For example,
adhesive and cohesive characteristics of the fhud 1408 can cause volume variability in the
first chamber 1402 resulting from the formation of a meniscus at the first end 1422, As such,
if the adhesive and cohesive charvacteristics of the thad 1408 is known, the height of the
second level 1406 or the depth of the first end 1422 may be adjusted accordingly. Further, in
some such arrangements, the first ¢nd 1422 can include a hydrophobic coating (e.g.,
manganese oxide polystyrene, zine oxide polystyrene, carbon nanotube structures, silica

236-



WO 2016/022722 PCT/US2015/043864

nanocoatings, and the like) or a surfactant o reduce adhesive effects at the first end 1422,
Similar strategics may be used at the second end 1424 and the fourth level 1416,

correspondingly.

19142]  In operation, the first chamber 1402 initially contains fluid 1408 at the first level
1404, and the second chamber inifially contains fluid 1408 at the fourth level 1416, As such,
mmitially, the first end 1422 of the fluid sipper 1420 is submerged in the fluid 1408 in the first
chamber 1402, The pump 1426 suctions fluid 1408 from the first chamber 1402 and provides
the fluid 1408 1o the second chamber 1412, Fluid 1408 continues to flow from the frst
chamber 1402 to the second chamber 1412 ontil the level of fhuid 1408 in the first chamber
1402 drops to the second level 1406, When floid 1408 in the first chamber 1402 reaches the
second level 1406, the first end 1422 is substantially exposed (i.c., not submerged}, and as
such, air is suctioned through the orifice at the first end 1422 in Heu of the fluid 1408, As
such, the pump 1426 is not able to suction more fluid 1408 out of the first chamber 1402

beyond the second level 1406, In turn, the punmp 1426 can subsequently suction from the

second chamber 1412, drawing fluid through the orifice at the second end 1424—whichis
now submerged in thuid 1408 at the third level 1414—and providing the fluad to the first
chamber 1412 through the orifice at the first end 1422, The pump 1426 continues suctioning
the fluid 1408 from the second chamber 1412 until the floid 1408 drops from the third level
1414 1o the fourth level 1416, at which point air will be suetioned through the second opening

1424 instead of fluid 1408.

[8143] Figure 14B provides an illustrative example 1401 of the first arrangement 1400 of
floid circulation and mixing system that includes leveling devices. The ilustrative example
1401 shows a fluid sipper 1420 communicatively coupling the first chamber 1402 to the
second chamber 1412, The first chamber 1402 and the second chamber 1412 may be
configured to hold similar volomes of fiuid (e.g., 300ul)), or different volumes of fluid (e.g.,
300uL in the first chamber 1402 and 500pL in the second chamber 1412). The first end 1422
is nitially submerged in fluid 1408 in the first chamber 1402, and the second end 1424 is
disposed at the fourth level 1416 in the second chamber 1412, In the illustrative example
1401, the fhad sipper 1420 is also communicatively engaged to a subsystem reservoir 1428,
The subsystem reservoir 1428 enablies the dllustrative example 1401 to be in fluid
conunurication with other mixing and fluid leveling systerns. For example, i addition to

being in fluid receiving and providing comnumication with the fluid sipper 1420, the
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subsystem reservoir 1428 is also in flaid receiving comumunication with a thud inlet 1432 and
in fluid providing communication with an outlet 1430, The fluid infet 1432 and the fhuid
outlet 1430 are cach commuunicatively engaged to other fluid reservoirs, and as such, fluid
140R may be exchanged among the first chamber 1402, the second chamber 1412, and other
mixing and leveling systems via the inlet 1432 and the outlet 1430, Fhid exchanges can be
caused by an associated fluid pump {c.g., the fluid pump 1426, which in some arrangements
meludes the 4-port, constant volume pump 412 discussed above) in fluid conmunication with
one or more of the fluid sipper 1420, the outlet 1430, the infet 1432, or the subsystem

reservoir 1424,

[8144] Figure 14C illustrates a second arrangement 1403 of floid circulation and mixing
systems that inchide loveling devices. The second arrangement 1403 is substantially similar
to the first arrangement 1400 of Figure 14A, except that the second arrangement 1403
imchides a floid snorkel 1434 instead of the fhuid sipper 1420, The fluid snorkel 1434 15 a
fhuid conduit communicatively coupling the first chamber 1402 to the second chamber 1412
The fluid snorkel 1434 inchades a first end 1436 in the fivst chamber 1402 at the second level
1406, and extends toward and through a bottom floor portion of the first chamber. A body
portion of the fhid snorkel 1434 extends from the floor portion of the first chamber 1402 {0 a
bottom floor portion of the second chamber 1412, A second end 1438 of the fluid snorkel
1434 begins at the fourth level 1416 and extends toward and through the tloor portion of the
second chamber 1412, As such, the fluid snorkel 1434 is a contimious fluid conduit

extending from the first end 1436, to the body portion, and to the second end 1438.

[8145] In operation, the portions of the fluid snorkel 1434 disposed in both the first
chamber 1402 and the second chamber 1412 are submerged in fluid 1408, Inone
arrangement, fluid 1408 in the first chamber 1408 is fnitially disposed at the fust level 1404,
As such, the level of fhid 1408 in the first chamber 1402 is initially above the first end 1436.
Fhaid 1408 in the second chamber 1412 is initially at the fourth level 1416, which here is
level with the second end 1438, A pumyp 1440 operatively engaged to the fluid snorkel 1434
suctions flaid 1408 from the first chamber 1402 through an orifice disposed at the first end
1436 and provides the flaid 1408 to the second chamber 1412 through an orifice disposed at
the second cnd 1438, The pump 1440 continues to transfer fluid 1408 from the first chamber
1402 until the thaid 1408 drops from the first level 1404 to the second level 1406, Upon

reaching the sccond level 1406, the orifice at the first end 1436 is no longer submerged, and
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thus the pump 1440 begins to draw air through the first end 1436 instead of the fluid 1408
As such, the level of fluid 1408 in the first chamber does not drop below the second level
1406. The process can subsequently be reversed, such that fluid 1408 now at the third lovel
1414 in the sccond chamber 1412 can be transferred back to the first chamber 1402 until the

fourth level 1416 is reached.

{8146] Figure 14D provides an illustrative example 1405 of the second arrangement 1403
of a fluid circulation and mixing system that inchudes loveling devices. The first end 1436 of
the fluid snorkel 1434 is inttially submerged in fluid 1408 in the first chamber 1402, while
the second end 1438 is exposed in the second chamber 1412, In addition, similar to the
Hustrative example 1401 shown in Figore 148, the fluid snorkel 1434 is in fluid providing
and receiving communication with the sebsystem reservoir 1428, As such, the fluid 1408
may be exchanged among the first chamber 1402, the second chamber 1412, and other fluid
systems via the inlet 1432 and the outlet 1430, Similar to the llustrative cxample 1401 of
Figure 148, fluid exchanges can be caused by an associsted fluid pump {(e.g., the fluid pump
1426, which in some arrangements includes the 4-port, constant volume pump 412 discussed
above) in fluid communication with one or move of the fluid snorkel 1434, the outlet 1430,

the mlet 1432, or the subsystem reservoir 1428,

[8147] Figuve 14E illustrates a third arrangement 1407 of a fluid cireudation and mixing
system that inclodes leveling devices. The third arrangement 1407 is also substantially
similar fo the first arrangement 1400 of Figure 14A, except that the third arrangement 1447
melades a spillway 1442 instead of the fluad sipper 1420, The spillway 1442 1s a path of
fluid travel between the first chamber 1402 and the second chamber 1412, The spillway 1442
includes a first channel 1448 disposed in the first chamber 1402 and a second channel 1454
disposed in the scecond chamber 1412, The first channel 144 is defined by 2 first interior
wall 1446, which encloses and separates the tirst channel 1448 from the rest of the first
chamber 1402, The first interior wall 1446 also defines an orifice at a first end 1444 of the
spillway 1442, The orifice at the first end 1444 is disposed at the second level 1406 (e.g., the
height of the first interior wall 1446 matches the second level 1406). In turn, a second
mterior wall 1452 defines the second channel 1454 with an orifice at a second end 1450 in
the second chamber 1412 correspondingly. A fluid conduit 1456 comuunicatively couples
the first channel 1448 to the second channel 1454, In addition, a2 pump 1438 is operatively

coupled to the fluid conduit 1456,
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[8148] In operation, the first chamber 1402 initially contains fluid 1408 at the first level
1404, As the first fevel 1404 is higher than the first interior wall 1446, the first channel 144¥
is inittally filled as well. In ture, the second chamber 1412 fnttially contains fluid 1408 at the
fourth level 1416, The pump 1456 draws fluid 1408 from the fivst channel 1448 and provides
the fluid 1408 to the second channel 1454, Once the second channel 1454 1s filled (e,
where the second channel 1454 is initially empty, as may be the case in some arrangements),
the fluid 1408 begins to fill the second chamber 1412 as well, While the pump 1438 s in
operation, floid 1408 in the first chamber 1402 decreases from the first fevel 1404 to the
second level 1406, Once the second lovel 1406 is reached, the first interior wall 1446
prevents additional fluid 1408 from entering the first chaonel 1448, To addition, at this point,
the purmp 1458 continues to drain the first chanmel 1448 until it is empty. In some
arrangements, once the second level 1406 1s reached and the first channel 1448 is drained,
fluid 1408 in the second chamber 1412 reaches the third fevel 1414, This process can be
reversed to reduce fluid 1408 in the sccond chamber 1412 from the third level 1414 1o the
fourth level 1416 and drain the second channel 1454, and in torn, fill the first channel 1448
and increase the amount of fhuid 1408 in the first chamber 1402 from the second level 1406

to the first level 1404,

{8#149] Figure 14F provides an illustrative cxample 1409 of the third arrangement 1407 of
fluid circulation and mixing systems that inchade leveling devices, Again, similar to the
ifhustrative examples 1401 and 1405, the first chamber 1402 and the second chamber 1412
are in fluid providing and receiving communication with the subsystem reservoir 1428, which
is integrated with the spillway 1442, As such, for example, the fluid 1408 can travel from the
first channel 1448 into a first thad condwit 1460 (1.e., a first segment of the fhud conduit
1436, disposed between the first channel 1448 and the subsystem reservoir 1428), and into
the subsystem reservoir 1428, The fluid 1408 may then flow info a sccond fluid conduit 1462
(i.c., a second segment of the fluid conduit 1456, disposed between the subsystem reservoir
1428 and the second channel 1454} and then into the second channel 1454, The fluid 1408
may flow from the second channel 1454 back to the fivst channel 1448 in a similar maoner.

In addition, fluid 1408 may flow into the subsystem reservoir 1428 from the inlet 1432, or out
of the subsystem reservoir 1428 via the outlet 1430, Fluid exchanges in the illustranve
gxample 1409 can be caused by an associated fhad pump {(e.g., the fluid pump 1426, which in

some arrangements includes the 4-port, constant volume pump 412 discussed above) in fluid
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cemmunication with one or more of the first fluid conduit 1460, the second fluid conduit

1462, the outlet 1430, the inlet 1432, or the subsystem regervoir 1428,

18#1580] Figures 14A-14F inchude example schematics and iHustrations of fhuid circulation
and mixing systeras that fnclude two chambers enmiploying similar fluid leveling devices.
However one of ordinary skill in the art would recognize that different fluid leveling devices
can be employed in differem chambers within the same system. For example, one system can
inchade a fluid sipper in one chamber in floid coramunication with a fluid snorkel in another
chamber. As another exaraple, another systom can include a spillway in one chamber in fluid
communication with a fhuid sipper in another chamber. Other combinations are possible,

which may be configured to suit the needs of a given application.

{8181] Figure 15 illustrates a conceptoal diagram of a fluid mixing cireoit 1500
imcorporating a plurality of fluid circulation and mixing subsystems, according to an cxample
embodiment. The fluid mixing cirenit 1500 1s configured to circulate controlied volumes of
fluid (e.g., the thad 1408) through a plurality of chambers. In the arrangement shown, the
circait 1500 inclodes a fluid mixing reservoir 1502, a first subsystem 1508, a second

subsystem 1512, a third subsystem 1516, a fourth subsystem 1522, and a controlier 1526.

18182] The controller 1526 includes data processing and non-transient data storage media
along with associated logic configured to perform functions described herein. In some
arrangements, the control computer 110 of Figure | serves as the controller 1526, In
addition, the controller 1526 is operatively engaged to at least one component of the circuit
1500 that can be actuated {e.g., the control plate 202). As such, the controller 1526 may be
configured to regulate the timing, duration, and frequency of operation for a plurality of fluid
pumps, such as the pumps disposed in the cireut 1500, as well as fluid flow direction via one

or more valves (e.g., the membrane valve 462} as discussed below.

[8153] For example, a first fluid chamber is filled to a first fluid height corresponding to a
first fluid volume, such that the first fluid height is greater than a minimuom fluid height
corresponding to a minimur fluid volume for the first fluid chamber. A second fluid
chamber is filled to a second fhind height corresponding to a second fhaid vohmme, such that
the second fluid height is equal to a mininmam fluid height corresponding to a minimuom fluid
volume for the second fluid chamber. A fhud leveling conduit (¢.g., per any onc of the

systems shown in Figures 14A-14F) and a fluid pump thadically engage the first floid
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chamber to the second fluid chamber, such that orifices of the fluid leveling conduit are

disposed at respective minimmum fluid heights in each chamber.

18154] In this example, the controller 1526 is communicatively engaged to the fluid pump.
The contreller 1526 is configured to execute a pumping cycle that causes the purop te provide
fhind from the first chamber to the second chamber for a pumping duration, and then provide
fhid from the second chamber to the first chamber for a next pumping duration, repeating the
pumping cycle over the course of an experimental or culturing process. In this example, the
actual amount of fluid puowed from the first chamber to the second chamber in cach cycle is
vmintentionally greater than the actual amount of fluid pumped from the second chamber to
the first chamber (e.g., due to pump inconsistency, conduit configaration, resistances, etc.).
As a result, over the course of gach successive pumping cycle, more fluid is provided from
the first chamber to the sccond chamber than fhuid provided from the second chamber to the
first chamber. Eventually, the fluid level in the first chamber will match the corresponding
minimom floid beight during a first chamber to second chamber pumping duration, at which
poird a fluid leveling conduit orifice will be exposed to air. At which point, the pump will
draw air instead of fluid or stall, and thad in the first chamber will not drop below the
mintmum fhiid height. Further, only the lesser volume of fluid defined by the second
chamber to first chamber pumping duration will subsequently be exchanged, as each
subsequent first chamber to second chamber pumpiog duration will include both an amount
of time where fhiid is drawn, and an amount of time where air is drawn or the pomp i

stalied.

[#158] Each of the subsystems inclade at least one fluid chamber configured to exchange
fluid with the mixing rescrvoir 1502 and other subsystems. In some arrangements, one or
more of the subsystens include fluid leveling devices (e.g., similar to the first arrangement
1400, the second arvangement 1403, or the third arrangement 1407). As such, in some such
arrangements, each subsystem may be subdivided nto fluid mixing and leveling subchambers
{c.g., the first chamber 1402 and the second chamber 1412}, incorporating fluid conduits
(e.g., m some arrangements, mclading the subsystem chamber 142R) and an associated fluid
pump {¢.g., the pump 1426, 1440, or 1458). For example, the first subsystem 1508 mmchides a
first subsystem pump 1510 operatively engaged to a first subsystem fhid cireuit (e,
exchanging fluid between or among fluid mixing and leveling subcharmbers). In turn, the

second subsystern 1512 mclades a second subsystem pump 1514, the third sabsystem 1516
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imchides a third subsystem pump 1518, and the fourth subsystem 1522 includes a fourth
subsystem pump 1524, As such, in such arrangements, each of the subsystems are
configured o cxchange and mix fluid in at least one chamber within a defined range of fluid

volumes.

18186] In addition, in some arrangements, the circuit 1500 itself operates as a fluid
circulating and leveling system with the mixing reservoir 1502 operating as one of the
circulation chambers. In such arrangements, fluid in the mixing reservoir 1502 can be
withdrawn and replenished within a defined range of volumes via a leveling device disposed
m the mixing veservoir 15302 {e.g., a fhnd sipper, a fhuid snotkel, or a spillway). Innrn, fhad
i each of the subsysiems would fhuctuate within defined respective volume ranges based on
the defined range of volumes exchanged with the mixing reservoir 1502, {#137} Each of
the subsysteras may include a sample slong with corresponding structures configured to
securely house the sample within, For example, one subsystem can inchude 2
iracheobronchial tissue sample, ancther subsystem can include an alveolar tissue sample,
another subsystem can foclude a small fntestine tissue sarople, and yet another subsystem can
melade a hver tissue sample {e.g., the samples 1102, 1104, 1106, and 1108 of Figure 11,
respectively). In some such arrangements, the subsystems may be fluidically coupled with
one another in parallel and/or in series in such a way that sinulates a blood circulatory

system of a body.

18188] The roixing reservoir 1507 1s a fluid chamber (c.g., the fluid rescrvoir 118) that does
not include a sample, but contains fluid to be circulated throughout each of the subsystems
(e.g., the fhuid 1408). The mixing reservoir 1502 and each of the subsystems can be directly
or indirectly cngaged to one another. For example, as shown in the circuit 1500, the mixing
reservoir 1502 is disposed in parallel with the first subsystern 1508 and the second subsystem
1512, The third subsystem 1516 and the fourth subsystem 1522 are disposed in series, which
together are disposed in parallel with respect to the first subsystem 1508 and the second
subsystem 1512, In some arrangements, the sabsystems of the circuit 1560 are arranged to
sinutlate the blood circulatory system of a human body based on tissue types housed within
each subsystem. A first circutt pump 1506 draws thid from the mixing reservoir 1502 and
provides the fluid to the first subsystem 1508, the second subsystem 1512, and the third
subsystem 1516, A second cireuit pump 1520 provides fluid from the third subsyster 1516

to the fourth subsystem 1522, Finally, a third circuit pump 1304 provides fluid from the first
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subsystem 1308, the second subsystem 1512, and the fourth subsystem 1522 to the mixing
reservoir 1502, Further, the mixing reservoir 1502 may mnclude 2 fluid leveling device {e.g.,
a fluid sipper, a fluid snorkel, or a spillway}, which may be fluidically coupled to one or more

pumps {e.g., 1504 and/or 1506},

[8189] Further, the cireuit 1500 a plorality of fluid valves 1528 disposed in series with each
of the subchambers and in electrical commupnication with the controller 1526, As such, the
controller 1526 can determine the direction of floid flow throughout the circuit 1500 by
selectively opening and closing specific valves 1528, For exanmple, the controller 1526 can
cause fluid from the mixing reservotr 1502 to flow straight to the third subsystem 1516 by
actuating the first circuit pump 1506, closing valves upstream of both the first subsystem
1508 and the sccond subsystem 1512, and opening one or more valves upstream of the third
subsystem 1516, The contreller 1526 can cause fluid to flow between specific subsystems.
In one example, a fourth circait pump 1530 is disposed downstream of the first subsystem
1508. The controller 1526 can close valves 1528 downstream from the fourth subsystem
1522 and upstream from the mixing rescrvoir 1502, open valves between the first subsystem
1508 and the second subsystem 1512, and actuate the fourth circuit pump 1530, thereby

providing fhiid from the second subsystem 1512 to the first subsystem 1508,

[8168]  As one of skill in the art would recognize, the circuit 1504 is but one of many
possible arrangements incorporating concepts discussed herein. Other arrangements may not
incorporate the use of a reservoir. Other arrangements may include subsystems disposed only
m parallel, or ounly in series. Some arrangements do not include subsystem pumps or
subsystem fluid leveling devices. Further, some arrangements include a phuality of
controllers, which for example may ndividually control one or more respective pumps, with
or without consideration of the operation of other pumps and controliers. The circuit 1500
may be configured to simulate the blood circulatory system of a human body, for example as
shown in Figare 11, Consisient among these and other possible arrangements is the mixing
and circulation of fluid across muhtiple fluid chambers such that fluid volumes therein romain

within defined volume ranges.

18163} Figure 16 illustrates a flow chart of an example method 16060 of circulating and
mixing fluid through a fhad circulation and mixing system, according to an example
embodiment. The example method 1600 tncludes configuring a fluid circuit (ie., step 1602},
The method 1600 further includes actuating a provisioning pump (i.e., step 1604), actuating 2
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cycling pump (1.e., 1606), and actuating a returm pump (Le., 1608). In some arrangements,
steps 1602, 1604, and 1608 define a cycle that can be repeated after the fhuid circuit is

configired at 1602, These steps are discussed in more detail below.

9162]  Atstep 1602, a fhuid circuit is configured. The fluid civcuit is configured to inclade
a mixing reservoir (e.g., the mixing reservoir 1502) and at least one open fluid chamber (c.g.,
a cell culture vessel 206, for example one or more chambers stmilar to the first chamber 1402
and the second chamber 1412). The mixing reserveir is in fluid communication with cach
open thuid chamber via a network of fluid conduits, which may include one or more fluid
pumps {e.g., 4-port, constant volume pump 412) and valves. For example, the fhad conduits
and pomps may be disposed within a flaid flow plate {e.g., the floid flow plate 204). In some
such arrangements, open fluid chambers in the form of cell culture vessels are coupled to
sections of the fluid flow plate that include one or more fluid ports and associated fluid
channels fluidically coupling each open fluid chamber to the mixing reservoir. The open
fhuid chambers may be configured to form a fluid circuit with open fluid chambers disposed
in series, in paraliel, or in series and in parallel with respect to the mixing reservoir. Further,
the open fluid chambers and/or the mixing reservoir include a thud leveling conduit {e.g., as
described in the example arrangements shown in Figures 14A-14F) with orifices disposed at
minimum fluid fevels comresponding to respective mintmum fluid volumes in each chamber

and reservoir.

18163] The fluid circuit 1 configured to include one or more fiuid pumps (c.g., punps
1504, 1506, 1510, 1514, 1518, 1524) fluidically engaged to each of the fluid chambers and
the mixing reservoir. The fluid pramps are configured to create pressure differentials
sufficient to cause fluid flows as determined by an associated controller {(e.g., the countrolier
1526). Some fluid puops may be configured to alternate between two ditrections of fluid
flow, while others are only configurved to provide a single divection of fluid flow (e.g., two
gnidirectional pumps are needed to exchange fluid between two chambers). In addition, the
circuit can inclode one or more controllers to regulate the operation of various pumps in the
circuit. For example, a given circuit can be assembled to include a single controller
governing the gperation of all fluid pomps in the circuit. Another circuit can be assembled to
include multiple controliers operating various individual pomps or groups of pumps. A given
controller may be configured to determine the time, frequency, duration, and speed (i.e., tluid

flow rates generated) of one or more fluad pumps.
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[8164] At 1604, at least one provisioning pump is actuated. A provisioning pump is a
punp in fluid receiving communication with the mixing reservoir and io fluid providing
communication with at feast one open fluid chamber (e.g., the first civcuit pump 1506). The
at least one provisioning purop is actuated by the controlier, and causes fluid to flow from the
mixing reservoir to the at least one open fluid chamber. A leveling conduit prevents the fluid
level from dropping below a minimuom fluid volume in the mixing reservoir. As such, fluid
can only be drawn from the mixing reserveir within a defined vange (i.c., down to the
minimom flaid volome). In addition, in arrangements where open fhud chambers are
disposed in series, the at least one provisioning pump may include pomps in fluid receiving
communication with an upstream chamber and in fluid providing conmmunication with a
downstream chamber {e.g., the second circuit pump 1520). As such, thitd may flow from an

upstream chamber to a downstream chamber at 1604,

18168] At 1606, a cycling pumyp is actuated. In some arrangements, the at least one open
fluid chamber is g plorality of open fluid chambers organized into subsystems {o.g., the first
subsystem 1508, the second subsysiom 1512, the third subsystem 1518, and the fourth
subsystem 1524 shown in Figure 15), where each subsystem includes at least two open fluid
chambers fluidically coupled to each other by respective fluid leveling conduits and a
subsystem pump (e.g., subsystem pumps 1510, 1514, 1514, and 1524). Insuch
arrangements, cach of the subsystem pumps arc cycling pumps, causing fluid to flow among
cach chamber within a given subsystem, as determined by the controller. In addition, the
leveling conduits in cach chamber of cach subsystem prevents fluid from dropping below a

minimum fluid volume in cach chamber while the cycling pumps are actuated.

[8166] At 160¥, at least one return pump is actuated. A returm pump is in floid receiving
conynurication with at least one open fluid chamber and n fluid providing communication
with the mixing reservoir {e.g., the third circuit pump 1504}, The retuwrn pump is actuated by
the controlier, which causes fhud from the at least one open fhiid chamber to flow back into
the mixing reservoir. In some arrangements, actuating the provisioning pump 1604, actuating
the cyeling pump 1606, and actuating the return punp 1608 may be repeated 1o a cyele to

circolate and mix fluid throughout the fluid circuit assembled at 1602,

(33

18167}  As utilized herein, the terms “substantially” and similar terms are intended 1o
have a broad meaning in harmony with the common and accepted usage by those of
ordinary skill in the art to which the subject matter of this disclosure pertains. Tt should be
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anderstood by those of skill in the art who review this disclosure that these terms are
intended to allow a description of certain features described without restricting the scope
of these features to the precise numerical ranges provided. Accordingly, these terms
should be mterpreted as ndicating that insubstantial or inconsequential modifications or
alterations of the subject matter described and are considered to be within the scope of the

disclosure.

18168] Further, as utilized herein, the term “#loid” is intended to have a broad meaning
in harmony with the common and accepted usage by those of ordinary skill w the art to
which the subject matter of this disclosure pertains. In particular, it should be understood
by those of skill in the art who review this disclosure that “flaid” contemplates matter
capable exhibiting a flow, and may include maticr in a gascous state, a lquid state, or

some combination of components in various states of matier.

{816%] It should be noted that the oricntation of various elements may differ according to
other exemplary embodiments, and that such variations are intended to be encompassed by
the present disclosure. It is recognized that feanmes of the disclosed embodiments can be

ncorporated into other disclosed embodiments.

18178] It is important to note that the constructions and arrangements of apparatuses or the
components thercof as shown in the various exemplary embodiments are illustrative only.
Although only a few embodiments have been described in detail in this disclosure, those
skilled in the art who review this disclosure will readily appreciate that many modifications
arc possible {c.g., variations in sizes, dimensions, structures, shapes and proportions of the
various olements, values of parameters, mounting arrangements, use of materials, colors,
orientations, cte.} without materially departing from the novel teachings and advantages of
the subjoct matter disclosed. For example, elements shown as integrally formed may be
constructed of multiple parts or elements, the position of elements may be reversed or
otherwise varied, and the nature or number of discrete clements or positions may be altered or
varied. The order or sequence of any process or method steps may be varied or re-sequenced
according to aliernative cmbodiments. Other substitutions, modifications, changes and
omissions may also be made in the design, eperating conditions and arrangement of the

various exemplary embodiments without departing from the scope of the present disclosure.
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i8173] While various inventive embodiments have been described and ilhustrated herein,
those of ordinary skill in the art will readily envision a variety of other mechanisms and/or
structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications is deemed to
be within the scope of the inventive embodiments deseribed herein. More generally, those
skilled in the art will readily appreciate that, unless otherwise noted, any parameters,
dimensions, materials, and configurations described herein are meant to be exemplary and
that the actual parameters, dimensions, materials, and/or configurations will depend upon the
specific application or applications for which the inventive teachings is/are used. Those
skilled 1 the art will recognize, or be able to ascertain using no more than routing
experimentation, many equivalents to the specific mventive embodiments described herein,
1t 1s therefore to be understood that the foregoing embodiments are presented by way of
example only and that, within the scope of the appended claims and equivalents thereto,
mventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosore are directed to cach individual
feature, system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systoms, articles, materials, kits, and/or methods,
if such features, systems, arficles, materials, kits, and/or methods are not mutually

wnconsistent, is included within the inventive scope of the present disclosure.

18172] The mdefinite articles “a” and “an,” as used herein in the specification and in the

claimos, unless clearly indicated to the contrary, should be understood to mean “at least one.”

18173} The claims should not be read as limited to the deseribed order or clements unless
stated to that effect. It should be understood that various changes in form and detail may be
made by one of ordinary skill in the art without departing from the spirit and scope of the
appended claims. All embodiments that come within the spirtt and scope of the following

claims and equivalents thereto are clabmed.

-48-



WO 2016/022722 PCT/US2015/043864

CLAIMS
What is claimed:
1. A fluid circulation systom comprising:

a fhid mixing chamber;
first and second open fhud chambers in fluid commuonication with the fluid mixing
chamber, cach open fluid chamber comprising a microfluidic fluid leveling condoit having an
orifice disposed in the open fluid chamber &t a mininwin fluid level associated with a
corresponding mininwim fluid volume;
a first pomp i fhad commonication with the microfluidic fhid levelling conduits of
the first and second open fluid chambers;
a second purap o fhod communication with at [east one of the first and second open
fhud chambers and the fluid mixing chamber; and
a controller coupled to the first and second pumps, and configured to:
cause the first pump to generate a first direction of fluid flow during a first
time period between the fivst and second open fluid chambers through the
microfhiidic levelling conduit of the first open fhid chamber such that a fhiid level in
the first open fluid chamber drops to asbout its corresponding minimum fluid level;
cause the first pump to generate a second direction of fluid flow during a
second time period between the first and second open fhuad chambers through the
microfhuidic leveliing conduit of the second open fhuid chamber such that a fluid level
in a second of the two open fluid chambers drops to about Us corresponding mintmum
fluid level; and
cause the second pomp to generate a flow of fhid dwing a third time period

from one of the first and second open fluid chambers into the fluid mixing chamber.

2. The fhid circulation system of claim 1, wherein cach of the microfluidic fhad
leveling conduits includes a hydrophobic coating around a perimeter of its orifice disposed in

its respective open fluid chamber,

3. The fhuid circulation systern of claim 1, wherein the microfluidic fluid leveling
conduits in at least one of the first and second open fluid chambers comprise a bidirectional
microfluidic conduit through which the first direction of fhid flow and the second direction
of fluid flow occus.
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4, The fhiid circulation system of claim 1, wherein the microthudic fhud leveling
condutts fo at least one of the first and second open fluid chambers comprises a fluid sipper

extending into the fluid chamber from an open top of the open fluid chamber.

5. The fhad circulation system of claim 1, wherein the microfluidic fluid leveling
conduits in at least one of the first and second open fluid chambers comprises a fluid snorkel

extending upward from a floor of the open fluid chamber.

6. The floid circulation system of claim |, wherein the microfluidic fhuid leveling
conduits in at least one of the first and sccond open fluid chambers includes a spillway

extending through a raised wall of the open fluid chamber.

7. The fluid circulation system of claim 1, comprising 2 third open thaid chamber
fluidically coupled to the fluad mixing chamber in parallel with at least one of the two open

flaid chambers.

8. The fthad circulation system of claim 1, comprising a third open fluid chamber
fluidically coupled to the fluid mixing chamber in series with at least one of the first and

second open fluid chambeors.

9. The fhwid circulation system of claim 1, comprising:

third and fourth open fhuid chambers, whercin:

cach of the third and fourth open fluid chambers is in fluid commumnication
with the fluid mixing chamber and comprises a microfluidic fluid leveling condeit
having an orifice disposed in the open fluid chamber at a mwinimum fluid level
associated with a corresponding minimuom fluid velume,

the third and fowrth open fluid chambers correspond to a first biological
subsystem and are fluidically coupled to one another via their respective microfluidic
levelling conduits and a third pump; and

the first and second open fhuid chambers correspond to a second biological

subsystem,

10 The fhid circulation system of clatm 9, wherein the second pump is firther flaidically
coupled to at lcast one of the third and fousth open fhuid chambers and the controlier is

configured to pump fluid from the sccond biclogical systers into the fluid mixing chamber.
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1L The floid circulation system of claim 9, further comprising a fourth pump Hwdically
coupled to at least one of the third and fourth open fluid chambers and to the fhuid mixing
chamber, and the controller is configured to cause the fourth pump to cause fluid to flow

from the first biclogical system into the floid mixing chamber.

12, The fluid circulation system of claim 9, further comprising a fourth pump fhuidically
coupled to the fluid mixing chamber and at lcast one of the first and second open fluid
chambers, and the controller is further configured to cause the fourth pump to generate a flow

of fluid from the fluid mixing chamber into the second biological system,

13, A metbod of mixing and circulating fluid, the roethod comprising:
configiring a fhuid eivenit comprising:
a fluid mixing chamber;
first and second open flaid chambers in fluid compmwmication with the fluid
mixing chamber, cach open fluid chamber comprising a microfluidic thad leveling
conduit having an orifice disposed in the open fluid chamber at 8 minimum fluid level
associated with a corresponding minimum fluid vohume;
a first pump in floid covuwnumication with the wdcrofluidic fluid lovelling
conduits of the first and second open fluid chambers;
a second purap in fhid commumication with at least one of the first and second
open thaid chambers and the fluid mixing chamber; and
a controlier coupled to the first and sccond pumps;
causing, via the controller, the first pump to generate a first direction of thud flow
during a first time period between the first and second open fluid chambers through the
microfhuidic levelling conduit of the fust open fluid chamber such that a fluid level in the frst
open fluid chamber drops to about its corresponding munimum fluid level;
causing, via the controller, the {irst pump to generate a second direction of thud flow
duoring a second time period between the first and second open fluid chambers through the
microfluidic levelling conduit of the second open fluid chamber such that a fluid level n a
second of the two open fluid chambers drops to about its corresponding minimum flaid level;
and
causing, via the countroller, the second puny to generate a flow of fluid during a third
time period from one of the first and second open fluid chambers into the fluid mixing

chamber.
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14. The method of claim 13, wherein:

the fluid circuit is further configured to include third and fourth open fluid chambers,

cach of the third and fourth open fluid chambers is fn fluid communication with the
floid mixing chamber and comprises a microfluidic fluid leveling conduit having an orifice
disposed in the open fluid chamber at a minimuom fluid level associated with a corresponding
munimum fluid volume;

the third and fourth open fluid chambers correspond to a first biclogical subsystem
and are floidically coupled to one another via their respective microfluidic levelling conduits
and a third pump; and

the first and second open fluid chambers correspond to a second biological subsystem.

15. The method of claim 13, wherein cach of the microthudic fluid leveling conduits
mchides a hydrophobic coating around a perimeter of its orifice disposed n s respective

open fluid chamber.

16. The method of claim 13, wherein the microfhudic fluid leveling conduits in at least
one of the first and sccond open tluid chambers comprise a bidirectional microfluidic conduit

through which the first direction of fluid flow and the second direction of thad flow occurs.

17. The methed of clain 13, wherein the microtluidic fluid leveling conduits in at lcast
one of the first and second open fluid chambers comprises a fluid sipper extending into the

fluid chamber from an open top of the open fluid chamber.

i8. The methed of claim 13, wherein the microflaidic fluid leveling conduits in at least
one of the first and second open fluid chambers comprises a fluid snorkel extending opward

from a floor of the open fluid chamber.

19 The methed of claim 13, wherein the microfluidic fluid leveling conduits in at least
one of the first and second open fluid chambers mchides a spillway extending through a

raised wall of the open fluid chamber.

24, The method of claim 13, wherein each of the first divection of fluid flow and the
second divection of flaid flow occurs within cach of the first leveling conduit and the second

feveling conduit.
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