wO 2016/010861 A 1[I I N0F V00 00O A 0O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/010861 A1l

21 January 2016 (21.01.2016) WIPO I PCT
(51) International Patent Classification: la couare, F-88100 Saint-Die-des-Vosges (FR). FERNAN-
B82Y 15/00 (2011.01) CI12Q 1/02 (2006.01) DEZ-ALCON, Jose [US/US]; 187 Windsor St., Apt. 1,
CI12M 1/00 (2006.01) Cambridge, Massachusetts 02139 (US). INGBER, Donald
(21) International Application Number: :Een[s%szﬂi]h}g)z West Canton Street, Boston, Massachu-
PCT/US2015/040026 ’
(22) International Filing Date: 74 ffl‘j“t;(')oBsUl;NHAz[’ P]I)amei 6‘]1'1 1?1 al; CI\Ihl.XOH Pfﬁbo‘l.y
10 July 2015 (10.07.2015) R . Riverside Plaza, 16th Floor, Chicago, Illinois
60606 (US).
(25) Filing Language: English (81) Designated States (uniess otherwise indicated, for every
(26) Publication Language: English kind of national protection available). AE, AG, AL, AM,
. AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(30) Priority Data: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
62/127,438 3 March 2015 (03032015) us HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(71) Applicant: PRESIDENT AND FELLOWS OF HAR- KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
VARD COLLEGE [US/US]; 17 Quincy Street, Cam- MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
bridge, Massachusetts 02138 (US). PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(72) Inventors; and TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicants : HINOJOSA, Christopher David [US/US];
69 Holworthy Street, Cambridge, Massachusetts 02138 (84) Designated States (uniess otherwise indicated, for every

(US). SLIZ, Josiah [US/US]; 471 Commonwealth Aven-
ue, Apt. 1F, Boston, Massachusetts 02215 (US). LEVN-
ER, Daniel [US/US]; 49 Gloucester Street, Apt. 6, Cam-
bridge, Massachusetts 02115 (US). THOMPSON, Guy
[US/US]; 43 Colborn Road, Lexington, Massachusetts
02420 (US). GEISLER, Hubert [FR/FR]; 15 Chemin de

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

[Continued on next page]

(54) Title: SYSTEMS AND METHODS FOR IMPROVED PERFORMANCE OF FLUIDIC AND MICROFLUIDIC SYSTEMS

400

‘\ 4002 408

408

Fig. 4

(57) Abstract: Systems and methods for improved flow properties in fluidic and microfluidic systems are disclosed. The system in-
cludes a microfluidic device having a first microchannel, a tluid reservoir having a working fluid and a pressurized gas, a pump in
communication with the fluid reservoir to maintain a desired pressure of the pressurized gas, and a fluid-resistance element located
within a fluid path between the fluid reservoir and the first microchannel. The fluid-resistance element includes a first fluidic resist-
ance that is substantially larger than a second fluidic resistance associated with the first microchannel.



WO 2016/010861 A1 |IIWAK 00T 00T O A

SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, Published:

GW, KM, ML, MR, NE, SN, TD, TG). —  with international search report (Art. 21(3))



WO 2016/010861 PCT/US2015/040026

SYSTEMS AND METHODS FOR IMPROVED PERFORMANCE OF FLUIDIC AND
MICROFLUIDIC SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application No. 62/127,438, filed
March 3, 2015, and U.S. Provisional Application No. 62/024,361, filed July 14, 2014, each of

which is herein incorporated by reference in its entirety.

GOVERNMENT SUPPORT

[0002] This invention was made with government support under grant no. W911NF-12-2-
0036 awarded by U.S. Department of Defense, Advanced Research Projects Agency. The

government has certain rights in the invention.

TECHNICAL FIELD

[0003] The present invention relates to fluidic and microfluidic systems. Specifically, the
invention relates to systems and methods for providing improved flow properties in fluidic

and microfluidic systems.

BACKGROUND

[0004] Microfluidic devices for cell culture typically need to be perfused with fluid media at
an extremely low flow rate, such as between 30 puL/hr and 5 mL/hr. Moreover, in some
experiments, the media must be flowed at known rates for several weeks. Additionally, many
experiments need tens of channels to be able to explore a number of test conditions, in order
to gain statistically significant results. Therefore, the devices are preferably tested
simultaneously using the same setup. What is more, the footprint of the perfusion system
must be small enough to allow for the integration of many devices (e.g., at least 12 devices)
in a reasonable space.

[0005] Some existing technologies attempt to solve fluid-flow issues using rollers on a
stepper motor to engage an elastic polymer with channels in it. As the motor spins, it pushes
the fluid through the cartridge and the chips. This pumping scheme, however, cannot be
sufficiently minimized. Additionally, because the pumping mechanism must be engaged with
the cartridge, the pump-head must reside inside an incubated space. Finally, the microfluidic
peristaltic pumping system relies on a material that must be resistant to frictional/shearing
forces, have a low elastic modulus, be injection moldable or otherwise mass producible, be
bondable (to allow creating microfluidic channels), be non-cytotoxic, and not absorb or
substantially adsorb small molecules. To date, it appears that there is no such material that

sufficiently meets all of these demands.
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[0006] Other alternative pumping technologies are traditional peristaltic pumps and syringe
pumps. Traditional peristaltic pumps tend to be bulky, and they require specialized tubing to
be strung up through the pump before each use. In turn, the tubing needed to attain the low
flow-rates typical of organs-on-chips is difficult to connectorize and assemble with chips or
cartridges. Syringe pumps are also bulky, and they provide no simple way to change out
syringes after the entire syringe volume has been discharged.

[0007] Further, accumulation of gas bubbles poses risks to microfluidic systems and
components thereof. Gas bubbles can have many detrimental effects when introduced into or
formed inside of microfluidic channels. For example, large capillary forces that are
characteristic of bubble interfaces confined to small dimensions can cause difficulty in
removing bubbles from the microfluidic channels. In microfluidic devices that include cells,
gas bubbles can be especially detrimental for several additional reasons. For example,
stagnant bubbles sitting on top of the cells can starve them of critical nutrients. Further, even
when only passing by cells, bubbles can damage the cells due to high shear and capillary
forces (e.g., by delaminating the cell layer). Many methods have been proposed for
preventing bubbles from entering microfluidic devices or being formed within the devices.
However, it is very difficult to completely prevent bubble-generation events or bubble-
accumulation events within a microfluidic system. Thus, it is unlikely that bubbles will be
fully eliminated over the duration of a long-term experiment.

[0008] Aspects of the present invention provide new fluid-pumping systems and methods for
microfluidic devices that provide a consistent and reliable flow of media to the microchannels
and/or provide systems and methods for preventing, inhibiting, or limiting damage caused by

bubbles that are generated or accumulated.

SUMMARY

[0009] According to aspects of the present invention, a system for monitoring a biological
function associated with cells includes a microfluidic device, a fluid line, and a fluid-
resistance element. The microfluidic device includes a first microchannel, a second
microchannel, and a membrane located at an interface region between the first microchannel
and the second microchannel. The membrane includes a first side facing toward the first
microchannel and a second side facing toward the second microchannel. The first side
includes the cells adhered thereto, and the second side may also include the same or different
cells adhered thereto. The fluid line is for delivering a working fluid to or from the first

microchannel from a fluid reservoir. The fluid-resistance element is coupled to the fluid line,
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although it may also be coupled to a fluid-output line leading away from the microfluidic
device. The fluid-resistance element includes a first fluidic resistance that is substantially
larger than a second fluidic resistance associated with the first microchannel.

[0010] According to further aspects of the present invention, a device for monitoring a
biological function associated with cells includes a body. The body includes a first
microchannel, a second microchannel, and a membrane located at an interface region
between the first microchannel and the second microchannel. The membrane includes a first
side facing toward the first microchannel and a second side facing toward the second
microchannel. The first side includes the cells adhered thereto. The body further defines an
internal fluid-resistance element coupled to the first microchannel. The internal fluid-
resistance element having a first fluidic resistance that is substantially larger than a second
fluidic resistance associated with the first microchannel.

[0011] According to further aspects of the present invention, a system for monitoring a
biological function associated with cells includes a microfluidic device, a fluid reservoir, a
pump mechanism, and a fluid resistance element. The microfluidic device includes a first
microchannel, a second microchannel, and a membrane located at an interface region
between the first microchannel and the second microchannel. The membrane includes a first
side facing toward the first microchannel and a second side facing toward the second
microchannel, the first side having the cells adhered thereto. The fluid reservoir includes a
working fluid and a pressurized gas. The pump mechanism is in communication with the
fluid reservoir to maintain a desired pressure of the pressurized gas. The fluid-resistance
element is located within a fluid path between the fluid reservoir and the first microchannel.
The fluid-resistance element includes a first fluidic resistance that is substantially larger than
a second fluidic resistance associated with the first microchannel.

[0012] According to further aspects of the present invention, a system for monitoring a
biological function associated with cells includes a microfluidic device, a fluid reservoir, a
pressure regulator, and a sensor. The microfluidic device includes a first microchannel, a
second microchannel, and a membrane located at an interface region between the first
microchannel and the second microchannel. The membrane includes a first side facing
toward the first microchannel and a second side facing toward the second microchannel. The
first side includes the cells adhered thereto. The fluid reservoir includes a working fluid and
a pressurized gas. The fluid reservoir is coupled to the first microchannel via a fluid line.
The pressure regulator is in communication with the fluid reservoir to maintain a desired

pressure of the pressurized gas. The pressurized gas causes the working fluid to move
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through the first microchannel. The sensor is for monitoring the activity of the pressure
regulator to determine an increase in fluidic resistance within the fluid line or the first
microchannel.

[0013] According to further aspects of the present invention, a system for monitoring a
biological function associated with cells includes a microfluidic device, a fluid reservoir, a
volumetric pump, and a sensor. The microfluidic device includes a first microchannel, a
second microchannel, and a membrane located at an interface region between the first
microchannel and the second microchannel. The membrane includes a first side facing
toward the first microchannel and a second side facing toward the second microchannel. The
first side includes the cells adhered thereto. The fluid reservoir includes a working fluid and
a pressurized gas. The fluid reservoir is coupled to the first microchannel via a fluid line.
The volumetric pump is in communication with the fluid reservoir to cause a pressure on the
pressurized gas. The pressurized gas causes the working fluid to move through the first
microchannel. The sensor is located between the fluid reservoir and the volumetric pump.
The sensor is for monitoring the pressure of a gas in the system. In response to the pressure
being below a predetermined value, the volumetric pump supplies gas to the fluid reservoir at
a first volumetric flow rate. In response to the pressure being at or above the predetermined
value, the volumetric pump supplies gas to the fluid reservoir at a second volumetric flow
rate. The second volumetric flow rate is less than the first volumetric flow rate.

[0014] According to further aspects of the present invention, a system for monitoring a
biological function associated with cells includes a microfluidic device, a fluid reservoir, and
a pressure source. The microfluidic device includes a first microchannel, a second
microchannel, and a membrane located at an interface region between the first microchannel
and the second microchannel. The membrane includes a first side facing toward the first
microchannel and a second side facing toward the second microchannel. The first side
includes the cells adhered thereto. The fluid reservoir includes a working fluid and a
pressurized gas. The fluid reservoir is coupled to the first microchannel via a fluid line. The
pressurized gas causes the working fluid to move through the first microchannel. The
pressure source in communication with the fluid reservoir to provide a modulated pressure
profile, the modulated pressure profile including periodic pressure increases to inhibit the
accumulation of bubbles in the system.

[0015] According to further aspects of the present invention, a microfluidic system includes a
microfluidic device, a fluid reservoir, a fluid input line, and a fluid-resistance element. The

microfluidic device includes a first microchannel. The fluid line is for delivering a working
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fluid to or from the first microchannel from the fluid reservoir. The fluid-resistance element
is within the fluid line. The fluid-resistance element includes a first fluidic resistance that is
substantially larger than a second fluidic resistance associated with the first microchannel.
[0016] According to further aspects of the present invention, a microfluidic system includes a
microfluidic device having a first microchannel, a fluid reservoir having a working fluid and
a pressurized gas, a pump in communication with the fluid reservoir to maintain a desired
pressure of the pressurized gas, and a fluid-resistance element located within a fluid path
between the fluid reservoir and the first microchannel. The fluid-resistance element includes
a first fluidic resistance that is substantially larger than a second fluidic resistance associated
with the first microchannel.

[0017] According to yet further aspects of the present invention, a system for monitoring a
biological function associated with cells includes a microfluidic device, a pressure source,
and a controller. The microfluidic device includes a microchannel. The microchannel
includes a surface. The cells are adhered to the surface. The pressure source is configured to
cause a working fluid to flow along a fluid path that includes the first microchannel of the
microfluidic device. The controller is coupled to the pressure source and causes the pressure
source to be operable in a normal operating mode and a flushing mode. The normal
operating mode includes the working fluid flowing past the cells within the microchannel at a
first flow rate. The flushing mode includes the working fluid flowing past the cells within the
microchannel at a second flow rate that is higher than the first flow rate to move an undesired
aggregation of bubbles from a first position in the fluid path toward a second position along
the fluid path. The controller switches to the flushing mode in response to a predetermined
condition.

[0018] According to still yet further aspects of the present invention, a method for monitoring
a biological function associated with living cells includes flowing a working fluid at known
fluid-flow conditions along a fluid path during a normal operating mode and, on a periodic
basis during the normal operating mode, automatically flushing the fluid path at a flushing
flow rate for a time period to remove at least a portion of an undesired aggregation from the
fluid path. The fluid path includes a microchannel of a microfluidic device. The
microchannel includes cells disposed therein.

[0019] Further methods of using these systems are disclosed below and in the claims.

[0020] These and other capabilities of the invention, along with the invention itself, will be
more fully understood after a review of the following figures, detailed description, and

claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1A illustrates an example organ-on-chip device that may be used with the fluid-
pumping system of the present invention.

[0022] FIG. 1B illustrates a first and second microchannel of the organ-on-chip device of
FIG. 1A.

[0023] FIG. 2 is a schematic representation of a microfluidic system having a fluid-resistance
element, according to aspects of the present disclosure.

[0024] FIG. 3A is a schematic representation of a fluid-resistance element that is separate
from the organ-on-chip device, according to aspects of the present disclosure.

[0025] FIG. 3B is a schematic representation of a fluid-resistance element that is a part of the
organ-on-chip device, according to aspects of the present disclosure.

[0026] FIG. 4 illustrates a cartridge assembly including a tubular fluid-resistance element,
according to aspects of the present disclosure.

[0027] FIG. 5A illustrates an interface including a blunt-end tube that is used in the
microfluidic system.

[0028] FIG. 5B illustrates an interface including a sharpened-tip tube that is used in the
microfluidic system.

[0029] FIG. 6 is a flow-rate correlation graph of an example microfluidic system, according
to aspects of the present disclosure.

[0030] FIG. 7A illustrates a moveable-cap assembly having a pressure line disposed
therethrough, for use in the microfluidic system.

[0031] FIG. 7B illustrates a moveable-cap assembly having a pressure line disposed within
the reservoir for use in the microfluidic system.

[0032] FIG. 8A is a schematic diagram of a microfluidic system having two fluid-resistance
elements, each operatively coupled to a corresponding microfluidic channel of a single organ-
on-chip device.

[0033] FIG. 8B is a schematic diagram of a microfluidic system having two fluid-resistance
elements, each operatively coupled to a microfluidic channel of separate organ-on-chip
devices.

[0034] FIG. 8C is a schematic diagram of a microfluidic system having one fluid-resistance
element operatively coupled to multiple microfluidic channels.

[0035] FIG. 9 illustrates a schematic diagram of a microfluidic system having a valve-

monitoring component, according to aspects of the present disclosure.
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[0036] FIG. 10 is an exemplary correlation graph of flow rate versus the percentage of time
that the pressure valve is open, according to aspects of the present disclosure.

[0037] FIG. 11 illustrates a schematic diagram of a microfluidic system having a pressure-
differential monitoring mechanism, according to aspects of the present disclosure.

[0038] FIG. 12 illustrates a schematic diagram of a microfluidic system having a pressure
sensor and feedback loop, according to aspects of the present disclosure.

[0039] FIG. 13 is a graph of liquid flow rate over time in an exemplary system having a
continuous volumetric flow rate of supply gas.

[0040] FIG. 14 is a graph of flow-rate as pressure is increased for a bubble-impinged system.
[0041] FIG. 15 illustrates an example pressure-modulation profile, according to aspects of
the present disclosure.

[0042] FIG. 16 illustrates one embodiment of an exemplary system having a pressure source
disposed between the input reservoir and the organ-on-chip device.

[0043] FIG. 17 illustrates an example flow profile having periodic flushing according to
aspects of the present disclosure.

[0044] While the invention is susceptible to various modifications and alternative forms,
specific embodiments have been shown by way of example in the drawings and will be
described in detail herein. It should be understood, however, that the invention is not
intended to be limited to the particular forms disclosed. Rather, the invention is to cover all
modifications, equivalents, and alternatives falling within the spirit and scope of the invention

as defined by the appended claims.

DETAILED DESCRIPTION

[0045] While this invention is susceptible of embodiment in many different forms, there is
shown in the drawings and will herein be described in detail preferred embodiments of the
invention with the understanding that the present disclosure is to be considered as an
exemplification of the principles of the invention and is not intended to limit the broad aspect
of the invention to the embodiments illustrated. For purposes of the present detailed
description, the singular includes the plural and vice versa (unless specifically disclaimed);
the words “and” and “or” shall be both conjunctive and disjunctive; the word “all” means
“any and all”; the word “any” means “any and all”; and the word “including” means

(13 2% &6
a

“including without limitation.” Additionally, the singular terms an,” and “the” include

plural referents unless context clearly indicates otherwise.
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[0046] Aspects of the present invention relate to a pressure-driven system that provides
smooth and reliable fluid flow through a microfluidic device or devices. This pressure-driven
system can utilize off-the-shelf, electronically controllable pressure regulators that can
provide compact and long-lived actuation. Moreover, because the pumping action is
transmitted by gas pressure, the modality enables designs wherein the bulk of the pumping
system can remain both off the microfluidic device and off a cartridge that may hold one or
more microfluidic devices, while not contacting biological liquids. This is an important
advantage, because it can greatly simplify cartridge design, as well as reduce instrument
sterility or contamination concerns.

[0047] Additionally or alternatively, aspects of the present invention relate to systems and
methods that prevent, inhibit, or limit damage caused by bubbles that form within the
microfluidic system, providing for long-term experimentation without significant loss,
damage, or degradation of components (e.g., cells) within the microfluidic device. Damage
caused by bubbles is prevented, inhibited, or limited through use of automated fluid-flushing
of the microfluidic devices using periodically increased flow rates. Surprisingly, automated
periodic flushing is not only successful in removing accumulated bubbles from the
microfluidic system, but is also successful in preventing or inhibiting the bubbles from
growing, accumulating, or coalescing as they otherwise do.

[0048] Another benefit of the periodic flushing is that, to the extent bubbles develop, they are
smaller-sized bubbles, which lessens the opportunity for the bubbles to damage microfluidic
devices or become pinned further downstream. This is especially beneficial in, for example,
cell microfluidic cell-culture devices and organ-on-chip (“OOC”) devices because smaller
bubbles flowing through the microchannels reduce the risk of damage to the cells through, for
example, delamination. Moreover, if a smaller bubble does become pinned to the surface of a
cell, it is less likely to cause the death of that cell because nutrients may still be readily
available to uncovered portions of the cell, or may be able to permeate to the cell through
non-direct paths. Beneficially, periodic flushing allows for removal of bubbles without
causing damage to the cells or organ-level function of the OOC device and/or system.

[0049] The periodic flushing function of the system also may be used to deliver a brief bolus
of stimulus, drug, cytokine or nutrient or other molecular or chemical factor in physiological
studies carried out using the OOC device 10.

[0050] FIGS. 1A and 1B illustrate one type of an OOC device 10. The OOC device 10
includes a body 12 that is typically made of a polymeric material. The body 12 includes a
first fluid inlet 14a and a first fluid outlet 14b. The body 12 further includes a second fluid

-8-
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inlet 16a and a second fluid outlet 16b. The first fluid inlet 14a and the first fluid outlet 14b
permit a fluid to passed through a first microchannel 24. The second fluid inlet 16a and the
second fluid outlet 16b permit fluid to passed through a second microchannel 26. The first
microchannel 24 is separated from the second microchannel 26 by a membrane 30 at the
interface region. The membrane 30 may include a first cell layer 34 on one side and a second
cell layer 36 on the opposing side. Often, the first cell layer 34 is one type of cell while the
second cell layer 36 is a second type of cell. The fluid moving through the first microchannel
24 and exposed to the first cell layer 34 may be the same as, or different from, the fluid
moving through the second microchannel 26 and exposed to the second cell layer 36.

[0051] Depending on the application, the membrane 30 may have a porosity to permit the
migration of cells, particulates, proteins, chemicals and/or media between the first cell layer
32 and the second cell layer 36. The membrane 30 is preferably flexible and elastic, allowing
it to be controllably stretched during use so as to understand the influence of physiological
forces on the the first cell layer 32 and the second cell layer 36. As shown in FIG. 1A, the
body 12 includes two ports 40a and 40b that allow for a pressure differential within the body
12, thereby causing controlled movement of the membrane 30. More details on the OOC
device 10 can be found in U.S. Patent No. 8,647,861, which is owned by the assignee of the
present application and is incorporated by reference in its entirety.

[0052] The fluidic resistance of the OOC device 10 is typically very low. For example, a
pressure of less than 5 Pa is sufficient to generate the desired perfusion flow rates. This
pressure is very difficult to work with, as it is easily overwhelmed, for example, by changes
in hydrostatic head caused by fluid moving from an input reservoir to an output reservoir.
For example, 1 cm of fluid-height change corresponds to around 100 Pa of pressure change.
[0053] The theory relating flow rate to fluidic resistance and pressure differential comes from

the Euler Principle:
AP =R -0

where AP is the differential pressure, Q is the flow rate, and R is the fluidic resistance. In
other words, the fluidic resistance is the parameter that determines how much flow resistance
when a pressure is applied (under a given pressure, higher resistance yields a lower flow
rate). Euler’s Principle applies under laminar flow conditions and predicts a linear relation
between the three parameters.

[0054] In order to make the fluid-pumping system more robust, less sensitive to the fluid

levels in the reservoirs, and ecasier to control, pressures of 500 Pa and up are preferable.
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Accordingly, the system increases the fluidic resistance of system to be much to be higher
than that of the OOC device 10 alone. To accomplish this, systems in accordance with the
present disclosure add one or more fluidic resistors in-line with the OOC device 10 to be
perfused.

[0055] An additional advantage of using a resistor that dominates the flow’s fluidic resistance
and is substantially higher than that of the OOC device 10 is that the flow rate is then less
dependent on variations in the chip’s fluidic characteristics. In particular, flow rates are less
susceptible to chip-to-chip or channel-to-channel variations (e.g. in manufacture) or to
changes during operation (e.g. due to cell growth or bubbles).

[0056] FIG. 2 is a schematic representation of a microfluidic system 100 for monitoring a
biological function associated with cells that includes a fluid-resistance element 102. The
microfluidic system includes a pump mechanism 104, an input fluid reservoir 106a, and
output fluid reservoir 106b, a fluid-resistance element 102, and an OOC device 10. The
pump mechanism 104 includes a pressure source 108 and a pressure regulator 110. The
pressure source 108 supplies the system 100 with compressed gases. The pressure regulator
110 controls the amount of the compressed gases supplied to the system using, for example, a
valve (not shown). In some embodiments, the valve is actuated between an open state and a
closed state. In the open state, the compressed gases are supplied to the system 100. In the
closed state, the valve inhibits the compressed gases from being supplied to the system 100.
In some embodiments, the valve includes a closed state and more than one open state. The
more than one open states provide a variable amount of compressed gases to the system, for
example, the valve being 25% open, 50% open, and the like.

[0057] The pump mechanism 104 is coupled to the input fluid reservoir 106a using a gas line
112. The input fluid reservoir 106a contains a working fluid 114a and a pressurized gas
116a. The working fluid 114a is a desired fluid such as media or suspensions of cells,
particulates, proteins, chemicals, combinations thereof, or the like. Or the working fluid may
expose the cells of the OOC device 10 to a contaminant, pollutant, or pharmaceutical to
determine the how the cells react to such exposure. The pressurized gas 116a applies a
pressure to the working fluid 114a to move the working fluid 114a out of the input fluid
reservoir 106a and to the fluid-resistance element 102 and the OOC device 10.

[0058] Sclection of a specific gas for use as the pressurized gas 116a has significance
because it may dissolve into the working fluid 114a. Additionally, dissolving too much gas
into the biological liquid increases the risk of forming and accumulating bubbles within the

device. This problem is exacerbated by higher applied pressures. In order to mitigate or
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climinate this problem, the gas used to apply pressure to the working fluid 114a may be
selected appropriately. For example, helium can be used as the pressurized gas 116a, or as a
component thereof, because helium’s solubility in water is very low (assuming the working
fluid 114a is predominantly water). Additionally or alternatively, the pressurized gas 116a
can be formulated according to the needs of the cell culture. For example, 5% CO; in air is a
typical mixture. In some embodiments, where the nominal set-pressure is 20kPa, a mixture
of about 20% helium and 80% the 5% COs-air mixture can be used, so that the partial
pressure of 5% CO;-air mixture remains at or under what the partial pressure at atmospheric
pressure.

[0059] The input fluid reservoir 106a is coupled to the fluid-resistance element 102 using a
fluid line 118. The fluid-resistance element 102 provides a fluidic resistance to the working
fluid 114a that is substantially larger than the fluid resistance associated with the OOC device
10. In some embodiments, the fluid resistance of the fluid-resistance element 102 is greater
than about 10, 20, 100, 500, 5000, or 50000 times the resistance of the OOC device 10. This
fluid resistance results in a pressure drop or head loss of the working fluid 114a across the
fluid-resistance element 102 prior to entering the OOC device 10. Beneficially, this provides
for modularity of the system 100 as fluid-resistance eclements 102 can be interchanged to
accommodate differing operating conditions of the pump mechanisms 104 and OOC devices
10. As will be described below with reference to FIGS. 3A-4, the fluid-resistance element
102 can be, for example, a channeled resistor 302 or a tubular resistor 402.

[0060] The fluid-resistance element 102 is coupled to the OOC device 10 using a fluid input
line 120. As describe above with respect to FIG. 1, the OOC device 10 is configured to
simulate a biological function associated with cells, such as simulated organs, tissues, etc.
One or more properties of the working fluid 114a may change as the working fluid 114a is
passed through the microchannels 24, 26 of the OOC device 10 to produce the effluent 114b.
As such, the effluent 114b is still the working fluid 114a, but its properties and/or
constituents may change when passing through the OOC device 10. The effluent 114b is
collected by the output fluid reservoir 106b for collection and later analysis.

[0061] FIG. 3A is a schematic representation of a channeled fluid-resistance element 302 that
is separate from the OOC device 10. The channeled fluid-resistance element 302 includes a
microfluidic channel 304 in a substrate 306. The microfluidic channel 304 can be formed
from a number of known processes such as milling, blow-forming, hot embossing, injection
molding, etc. The resistance provided by the channeled fluid-resistance element 302 can be

selected by using the length and/or cross-sectional area of the microfluidic channel 304, as
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well as other features such as number of corners, number and size of restrictions and
expansions, cross-sectional shape, etc. For example, increasing the length of the channel,
decreasing the cross-sectional area, or increasing the number of turns made by the channel
will increase the fluidic resistance provided by the fluid-resistance element 302. Beneficially,
channeled fluid-resistance elements 302 can be mass produced using known techniques to
provide consistent resistances between elements and, thus, systems.

[0062] The channeled fluid-resistance element 302 is coupled to the OOC device 10 using
fluid input line 120. The fluid input line 120 can be, for example, capillary tubing, an
interconnect adapter, or any suitable device to transmit the working fluid 114a from the fluid
resistance element 302 to the OOC device 10.

[0063] The channeled fluid-resistance element 302 can be configured to be removably
connected to, for example, a cartridge. The cartridge provides a user-friendly interface
between the system and OOC device 10. In some embodiments, the cartridge removably
receives the OOC device 10. In some embodiments, the fluid-resistance element 302 is
removably attached to the cartridge, and the OOC device 10 is removably coupled to the
fluid-resistance element 302. This allows a variety of fluid-resistance elements to be used
with a single cartridge, thus reducing system costs.

[0064] Alternatively, the channeled fluid-resistance element 302 can be integrally formed
with the cartridge that is configured to hold one or more OOC devices 10. Integrating the
fluid-resistance element 302 provides for a more user-friendly, monolithic cartridge.

[0065] FIG. 3B is a schematic representation of a channeled fluid-resistance element 302 that
is a part of the organ-on-chip device 10°, according to aspects of the present disclosure. The
OOC device 10’ includes an integral channeled fluid-resistance element 302 and fluid input
line upstream from the first microchannel 24. Beneficially, incorporating the channeled
fluid-resistance element 302 on the OOC device 10 reduces the number of connections to be
made within the system, thus reducing the points of failure and increasing user-friendliness.
[0066] FIG. 4 illustrates a cartridge assembly 400 having a tubular fluid-resistance element
402, according to aspects of the present disclosure. The cartridge assembly 400 includes
housing having a top side 400a and a bottom side 400b that couple together to form the outer
shell of the cartridge assembly 400. The top side 400a includes system-side input ports 404,
chip-side input connectors 406, chip-side output connectors 408, and system-side output ports
410. Each system-side input port 404 is coupled to a respective chip-side input connector
406 using a length of capillary tubing 412. Each chip-side output connector 408 is coupled to
a respective system-side output port 408 using a length of capillary tubing 412. The bottom
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side 4000 includes a plurality of apertures configured to receive features such as the chip-side
inlet connectors 406, chip-side outlet connectors 408, alignment features, or fasteners
therethrough.

[0067] When assembled, an OOC device 10 is coupled to the chip-side input connectors 406
and the chip-side output connectors 408 using, for example, removable coupling.
Beneficially, the capillary tubing 412 can be used as the chip-side input connectors 406 and
mate directly with ports of the OOC device 10. The system-side input ports 404 receive the
working fluid 114a from the system 100. The working fluid 114a is transferred to the OOC
device 10 using capillary tubing 412. This length of capillary tubing 412 provides the fluid-
resistance element 402 by including several windings that increase the length of capillary
tubing 412 between the system-side input port 404 and the chip-side input connecter 406.
This increased length provides a relatively larger pressure drop prior to the working fluid
114a entering the OOC device 10.

[0068] The cartridge assembly 400 can further include features to assist in experimentation
such as an illumination aperture 416. The illumination apertures are disposed adjacent the
OOC device 10 and allow light to pass therethrough, providing for a variety of optical and
spectroscopic techniques to be used.

[0069] Beneficially, the cartridge assembly 400 includes a modular design and provides
reconfigurable fluid resistance. For example, the fluid resistance can be altered by replacing
the capillary tubing with tubing having a different diameter. Additionally or alternatively, the
fluid resistance can be altered by replacing the capillary tubing with tubing having a different
length. Capillary tubing 412 that is compatible with the cartridge assembly 400 is widely
available, and comes in a variety of sizes and materials. Beneficially, an end-user may
replace the capillary tubing 412 to quickly, easily, and cheaply produce a cartridge assembly
400 with a different fluid resistance. Additionally, the round cross-sectional area of capillary
tubing 412 is more advantageous for bubble clearance than non-round cross-sectional
profiles.

[0070] As shown in FIG. 5A, a bubble 502 may accumulate or get trapped at an interface
504, e.g., a tube-to-chip interface between, for example, the cartridge and the OOC device 10.
This bubble accumulation may lower performance of the device, for example, by increasing
fluidic resistance, or by dislodging and entering the cell-culture area. In some embodiments,
this trapping or accumulation is reduced using a “sharpened” tip, for example, a cone. One
example of a sharpened tip is shown in FIG. 5B. Surprisingly, this sharpened tip reduces

bubble trapping or accumulation at the port as compared to a blunt tip despite increasing both
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the hydrophobic surface area of the tip and the volume for the bubbles to become trapped. It
was discovered that this is because the bubble must maintain its fixed contact angle with the
hydrophobic material, and it is energetically preferred that the bubble is pushed off the
surface, rather than the bubble bending its interface to wet the angled surface. This surprising
result is more even more pronounced at an inlet. The tubing can either be manufactured with
a conical or sharpened tip, or processed to provide such shapes after manufacture. This
sharpened tip can also be beneficial at other points of the system, such as where the capillary
tubing 412 meets the system-side output ports 410.

[0071] In some embodiments, the trapping or accumulation of a bubble is reduced using
hydrophilic surfaces. These surfaces are less likely to trap or accumulate a bubble because
they prefer to remain wetted by the aqueous liquid. The hydrophilic surface can be formed,
for example, by forming the nozzles from hydrophilic materials. Examples of hydrophilic
materials that can be used are: glass, certain grades of polystyrene, polypropylene, or acrylic.
Additionally or alternatively, the nozzles can be treated to make them hydrophilic, for
example, using a coatings, plasma treatment, etc.

[0072] FIG. 6 is a flow-rate correlation graph of an example microfluidic system 100 having
a fluid-resistance element 102. The fluidic-resistance element 102 is a tubular resistor formed
from polyetheretherketone (“PEEK”) tubing having an internal diameter of 100 pm, and a
length of 235 mm. As shown by the graph, the static pressure of the system is approximately
0.2kPa. The flow rate increases linearly with increasing supply pressure. Beneficially, the
fluidic-resistance element 102 allows supply pressures in the order of Kilopascals to be used,
while limiting achieved flow rates through the OOC device 10 on the order of a few
microliters per minute. For example, a supply pressure of 6kPa can be used to deliver the
working fluid 114a to the OOC device 10 at a rate of about 6 pL/min.

[0073] Providing for the use of a relatively high supply pressure allows for commercial “off-
the-shelf” pumps and supplies to be used to drive the system. Additionally, disposing the
fluidic-resistance element 102 between the input reservoir 106a and the OOC device 10
allows the dampening of flow fluctuations due to system effects such as regulator or pump
pulsatility.  Beneficially, the fluidic-resistance element 102 also makes it such that
hydrostatic head, such as the head produced by the height of liquid in the fluid reservoirs
106a,b, is small contributor to the flow rate.

[0074] Referring again to FIG. 2, a number of pump mechanisms 104 may be used in
accordance with the present disclosure. These pump mechanisms 104 can include pressure-

driven configurations or displacement-driven configurations. In some embodiments, the
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pressure-driven configuration includes a pressure regulator. The pressure regulator can be set
to apply a desired pressure onto the working fluid 114a. The applied pressure generally
corresponds to the desired flow rate through the OOC device 10. Beneficially, electrically
controlled pressure regulators such as the SMC ITV line of regulators, manufactured by SMC
Corporation (Tokyo, Japan), enable control of the pressure and, indirectly, flow rate using,
for example, a computer.

[0075] In some embodiments, the displacement-driven configuration includes volumetric
pumps such as a syringe pump or a two-port pump such as a peristaltic pump, piezo pump,
braille pump, etc. The volumetric pumps are configured to deliver a predetermined
volumetric flow of gas to the input reservoir 106a. Unfortunately, delivering the gas at a
constant volumetric flow may require long periods of time for the system to build up the
needed pressure because the volumetric flow of operation will be relatively low. In some
embodiments, the volumetric pump and/or other components of the system are filled with a
substantially incompressible fluid. This reduces the gas volume, thus requiring less action to
build up the needed pressure. Additionally or alternatively, as will be described below with
respect to FIGS. 12-13, a pressure sensor can be used to monitor the generated pressure, and
the pump can be set to a first volumetric flow rate that is higher than the second, operating
flow rate in order to build the pressure to the predetermined set point. Advantageously, use
of two-port pumps does not require the reciprocation that the syringe pump requires and,
thus, the two-port pump may continue without interruption.

[0076] Surprisingly, pressure-driven systems can be modified to allow for organ linking e.g.,
interconnecting multiple OOC devices 10 together in series. This is because the canonical
pressure-driven system is a “one-port pump”, e.g. lacking separate input and output ports like
a peristaltic pump. Beneficially, a moveable cap, which normally seals the fluid reservoir
106a and opens as needed to allow, for example, an autosampler to access the fluid reservoir.
More details on the autosampler can be found in International Patent Application No.
PCT/US14/46439, filed July 11, 2014, which is owned by the assignee of the present
application and is incorporated by reference in its entirety.

[0077] FIG. 7A illustrates a moveable-cap assembly 700 having a pressure line 702 disposed
therethrough, according to aspects of the present disclosure. The movable-cap assembly 700
includes a cap member 704 configured to pivot about a hinge 706. The cap member includes
a gasket 708 configured to form a substantially air-tight seal with the fluid reservoir 106a.
When not receiving a sample of media, the movable-cap assembly 700 is sealed to the input

fluid reservoir 106a, and the input fluid reservoir 106a is pressurized by the pressure line 702.
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When receiving a sample, the cap member 704 pivots about the hinge 706 to release the seal
of the fluid reservoir 106a. After the sample is deposited, the cap member 704 pivots about
the hinge 706 to seal the fluid reservoir 106a once again. The pressure line 702 then supplies
pressure to the input fluid reservoir 106a until the input fluid reservoir 106a reaches a desired
pressure. Beneficially, the pressure line 702 being disposed through the cap member
provides for the movable-cap assembly 700 and pressure line 702 to be part of the
autosampler or other instrument that interfaces with the cartridge, rather than the cartridge
itself. This simplifies the design of the cartridge, as well as providing a convenient cartridge-
to-system interface requiring fewer connections. FIG. 7B illustrates a moveable-cap
assembly 700’ having a pressure line disposed 702’within the reservoir input reservoir 106a,
according to aspects of the present disclosure.

[0078] FIG. 8A is a schematic diagram of a microfluidic system 800a having two fluid-
resistance elements 102, each operatively coupled to a respective microfluidic channel of a
single OOC device 10. In this embodiment, the pressurized gas 116a applies pressure to the
working fluid 114a. The working fluid 114a is transferred to the fluid-resistance elements
102 through a respective fluid line 118. Each fluid-resistance element 102 is coupled to a
respective channel of the OOC device 10 using a fluid-input line 120. It is contemplated that
the fluid-resistance elements 102 can be selected to have different fluidic resistances, thereby
resulting in different flow rates through the microfluidic channels.

[0079] FIG. 8B is a schematic diagram of a microfluidic system 800b having two fluid-
resistance elements 102, each operatively coupled to a respective microfluidic channel of
separate organ-on-chip devices 10. The working fluid 114a is transferred to the fluid-
resistance elements 102 through a respective fluid line 118. Each fluid-resistance element
102 is coupled to a respective channel of a respective OOC device 10 using a fluid-input line
120. It is contemplated that the fluid-resistance elements 102 can be selected to have
different fluidic resistances, thereby resulting in different flow rates through the different
OO0C devices 10.

[0080] FIG. 8C is a schematic diagram of a microfluidic system 800c¢ having one fluid-
resistance element 102 operatively coupled to multiple microfluidic channels. As shown, the
multiple microfluidic channels may be included on one or more OOC devices 10. The
working fluid 114a is transferred to the fluid-resistance element 102 through a fluid line 118.
The fluid-resistance element 102 is coupled to two channels of a first OOC device 10 using a
respective fluid-input line 120, and is coupled to a channel of a second OOC device 10 using

a fluid-input line 120. Beneficially, use of several OOC devices 10 in parallel with only one
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pressure regulator leads to better data by helping to ensure the OOC devices 10 or
microfluidic channels 24, 26 are exposed to the same conditions.

[0081] While a number of measures are taken to inhibit the bubble accumulation and
trapping within microfluidic systems, it is generally impossible to completely prevent the
accumulation of bubbles over the duration of typical experiments, especially upon initial
filling of the system. Flushing cycles, or periods of pumping at higher rates or pressures, can
be used in order to remove bubbles that have become trapped in the system. However, this
flushing has potential drawbacks. First, cach of the OOC devices 10 has a pumping rate that
is defined by shear rates and other physiologically relevant parameters that limit the duration
and intensity of a flushing cycle. Additionally, the longer the flushing cycle, the more media
is pumped through the microfluidic system, which undesirably leads to a more dilute effluent
that makes quantitative chemical and biological readouts more difficult. To address these
drawbacks, systems in accord with the present disclosure may include monitoring
mechanisms to determine a general flow rate throughout the system. From this, an
accumulation of bubbles can be detected and a flushing cycle can be selectively actuated.
[0082] FIG. 9 illustrates a schematic diagram of a microfluidic system having a valve-
monitoring component 902. Pressure regulators 110 use a pressure source 108 having a
relatively high-pressure gas, and transfer quantities of the high-pressure gas to the output
(e.g., gas line 112) via a valve (not shown). In some embodiments, the valve is actuated
between an open state and a closed state, such as a solenoid valve. The period of transfer of
gas to the output results in the output having a new gas pressure that is lower than the
relatively high-pressure gas. In some embodiments, the valve includes a closed state and
more than one open state, such as the valve being 25% open, 50% open, and the like. The
level that the valve is open, e.g., 25% open, also affects the new gas pressure because the
head loss across the valve is altered and, in turn, the quantity of gas transferred to the output
is altered. For example, over a given time period, a valve that is 25% open will have greater
head loss and transfer less gas than a valve that is 50% open.

[0083] The valve-monitoring component 902 is coupled to the pressure regulator 110 of the
pump mechanism 104, and is configured to monitor one or more properties associated with
the valve. In some embodiments, the one or more properties monitored includes the period of
time between valve openings, the percentage of time that the valve is opened, the amount that
the valve is opened, combinations thereof, and the like. This monitoring can be done in a
variety of ways, such as monitoring the electronic control signal sent to the valve. These

properties can then be associated with an estimated flow-rate of the system. For example,
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relatively higher liquid flow rates require the pressure reservoir to be replenished more
frequently (or with higher gas flow), which causes the valve to open more. Beneficially, the
relationship between flow rate and the monitored parameter does not require a simple
relationship, such as a linear relationship, but rather any monotonic relation between can be
accounted for through use of, for example a lookup table.

[0084] FIG. 10 is an exemplary correlation graph of flow rate versus the percentage of time
that the pressure valve is open. In this embodiment, the time that the valve remains open is
monitored and is compared to the total time monitored. As shown, the percentage of time
that the valve is open has a linear relationship with the fluid flow rate through the system.
While the illustrated correlation can provide a general quantitative result, a quantitative result
is not necessary for this method to be of value. For example, in a system including multiple
OOC devices 10, one of the OOC devices 10 may become blocked by air bubbles or debris
and decrease the overall flow rate of the system. Beneficially, only modest fidelity is needed
to monitor the control signal because the blockage of one OOC device 10 would cause a
significant reduction in flow rate, e.g., by one-third. In some embodiments, the blockage of
one OOC device 10 in a group of three has been detected in systems having a minimal flow
rate (e.g., 1uL/min nominal flow rate) through each OOC device 10.

[0085] Beneficially, the sensitivity of the sensor can be increased by adding one or more
elements with high fluidic resistance between the pressure regulator 110 and the input
reservoir 106a. By adding the one or more elements with high fluidic resistance, the valve
remains open for longer periods of time and/or opens more frequently. These increases
increase the sensitivity of detection without having to increase the fidelity or sampling time
of the valve-monitoring component 902. In some embodiments, the high fluidic resistance
clement is a filter, which is described with reference to FIG. 11 below.

[0086] FIG. 11 illustrates a schematic diagram of a microfluidic system 1100 having a
pressure-differential monitoring mechanism, according to aspects of the present disclosure.
The differential monitoring mechanism includes a pressure-differential monitoring
mechanism 1102 disposed about an element of high resistance 1104. As shown, the element
of high resistance 1104 is a gas filter, which is often used to increase the purity of the desired
gas that comes in contact with the working fluid 114a. The pressure-differential monitoring
mechanism 1102 monitors a pressure drop across the high-fluidic-resistance element 1104.
Because factors such as the supplied pressure and the filter resistance are generally known,
the pressure drop can be correlated to flow in the system 1100. Beneficially, the higher

operating pressure of the pump mechanism 104 provides for use of readily available pressure-
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differential monitoring mechanisms 1102 that cannot be used with typical microfluidic
systems. In some embodiments, the fidelity of the pressure-differential monitoring
mechanism 1102 is about 5kPa, 1kPa, or 0.5kPa. Beneficially, high-fluidic-resistance
elements 1104 such as filters are included in microfluidic systems to ensure sterility. These
existing filter locations provide a convenient location for installing the pressure-differential
monitoring mechanism 1102.

[0087] During operation, there is a slight, average pressure drop across the resistive element
that might be measurable, depending on the fidelity of the pressure-differential monitoring
mechanism 1102 used. If the entire system becomes clogged, fluid flow would stop and the
pressure would equilibrate across the high-fluidic-resistance element 1104, resulting in zero
differential pressure. Similarly, if one microfluidic channel in parallel with the one or more
other channels becomes clogged, the pressure drop across the high-fluidic-resistance element
1104 would decrease as the total flow rate decreases. The measured differential pressure may
require some processing in order to relate to the liquid flow rate because the gas flow rate
may be intermittent or uneven due to, for example, discrete openings of the pressure value.
In this example, an average or running average and a lookup table can be used to determine a
general liquid flow rate of the system.

[0088] FIG. 12 illustrates a schematic diagram of a microfluidic system 1200 having a
pressure sensor 1202 and feedback loop 1204. The pump mechanism 104 includes a
displacement-driven configuration that is used to deliver a volume of gas to the input
reservoir 106a, thereby pressurizing the input reservoir 106a. The pressure sensor 1202 is
disposed between the pump mechanism 104 and provides feedback on the pressure generated
for a given flow rate via the feedback loop 1204. Accordingly, both the flow-rate and
pressure are directly observable in this system.

[0089] The pressure required to attain a particular flow rate within the system 1200 can be
predicted with some degree of accuracy. Thus, so long as the system is operating nominally,
the flow rate and pressure should fall in line with each other. Because both quantities are
directly observable in this system, this condition is easily verified, and any deviation from the
pressure/flow-rate relation could indicate an obstruction, leak, or other system failure. This is
a very powerful source of feedback, and it could be used to detect or diagnose a variety of
conditions with high accuracy. Beneficially, the system can be actuated to more-selectively
remedy these system failures. In some embodiments, the volumetric pump moves only when
the system pressure falls below a predetermined threshold. The volumetric pump can be

monitored for movement to determine whether a blockage has occurred. A blockage may be
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indicated by the measured system pressure remaining generally constant, but the pump not
moving for a period of time. To remove the blockage, the predetermined threshold may be
raised to a second, higher pressure to increase the system pressure and clear the blockage.
[0090] FIG. 13 is a graph of liquid flow rate over time in an exemplary system having a
continuous volumetric flow rate of supply gas. To generate the graph, a syringe pump set at a
constant rate of 2ul/min was used to supply gas to the system. As shown, at this constant
flow rate, it took approximately two hours for the liquid flow rate to reach 90% of the gas
flow rate. Beneficially, this time can be dramatically reduced by setting the syringe pump to
a first, higher volumetric flow rate, for example 1mL/min, and monitoring the pressure of the
system. When the pressure reaches a first predetermined value, the syringe pump can be
reduced to a second, lower volumetric flow rate, for example, 2ul/min. In some
embodiments, the second volumetric flow rate is approximately equal to the volumetric flow
rate of the working fluid 114a through the system. In some embodiments, the first volumetric
flow rate is about 10 times greater than the second volumetric flow rate. In some
embodiments, the first volumetric flow rate is about 100 times greater than the second
volumetric flow rate. In some embodiments, the first volumetric flow rate is about 1000
times greater than the second volumetric flow rate. In one example, the ramp-up time is
reduced from about 2 hours to about 1.5 minutes using the first and the second volumetric
flow rates. Beneficially, such a reduction in ramp-up time reduces the amount of lag time for
experiments, as well as the quality of the experimental data. It is contemplated that more
sophisticated control strategies may be used to set the syringe rates, for example,
proportional-integral-derivative control, a subset thereof, or the like.

[0091] An additional problem that arises with bubble accumulation or debris accumulation is
accumulation at inputs, outputs, or within components of the system can stop flow entirely
and lead to critical, sometimes irreversible failure of the system. Moreover, without special
action, the system may be unable to remove the obstruction and recover without special
action. For example, the system may not include a set point that is high enough to overcome
the pinning action on the obstruction.

[0092] FIG. 14 is a graph of flow-rate as pressure is increased for a bubble-impinged system.
As is shown, the flow rate of the system remains zero until the pinning action is overcome at
3.85 kPa. After this point, the flow rate returns to the nominal flow rate expected for a
pressure of 3.85 kPa. Thus, if the set point for the nominal flow rate of the system requires

less than 3.85 kPa, the obstruction would never be cleared and the system would fail.
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[0093] Beneficially, the pressure applied to the system can follow pressure-modulation
profile that will assist in clearing accumulations of bubbles and/or debris prior to those
accumulations obstructing the entire system. Additionally or alternatively, a pressure-
modulation profile can be used that will assist in clearing an accumulations of bubbles and/or
debris that have obstructed the entire system. The pressure-modulation profile applies a
desired pressure for a predetermined amount of time, and then, periodically, increases the
applied pressure to a second desired pressure for a period of time before returning to the first
desired pressure.

[0094] FIG. 15 illustrates an example pressure-modulation profile, according to aspects of
the present disclosure. In the illustrated example, a pressure of 1kPa is applied to yield the
desired nominal flow rate through the system. Periodically, the pressure is increased to a
predetermined level for a short period of time. In the illustrated embodiment, the
predetermined level of 10kPa is used to clear any obstructions from the system. The periodic
cycle occurs about once every minute, and the predetermined pressure is applied for about
five seconds. Beneficially, use of pressure-modulation profiles allows for clearing
obstructions from the system, without significantly increasing the cost of the system with
flow-rate monitors and the like. Moreover, use of pressure-modulation profiles allows for
clearing obstructions from the system without proactive action. Further, coordinated
modulation of pressures in two microfluidic channels in an OOC device 10 may be helpful
where the channels are linked by a porous membrane.

[0095] FIG. 16 is a system 1600 including an input reservoir 106a, a pressure source 1602, an
OOC device 10, and an output reservoir 106b. In the illustrated embodiment, the pressure
source 1602 is coupled to the fluid line between the input reservoir 106a and the OOC device
10. The pressure source 1602 is configured to increase the volumetric flow rate of the fluid
into the OOC device 10. The pressure source 1602 is coupled to a controller (not shown) that
controls operation of the pressure source 1602. In some embodiments, the pressure source
1602 is a pump such as a volumetric pump. The pressure source 1602 applies a force to
move the fluid from the upstream input reservoir 106a toward the OOC device 10. In some
embodiments, the pump is in direct communication with the working fluid. For example, a
volumetric pump may be placed in direct communication with the fluid such that the pump
acts on a length of capillary tubing containing the fluid to displace the fluid and move a
volume of the fluid downstream. As the frequency that the pressure is applied increases or
decreases (e.g., increasing or decreasing the r.p.m. of a peristaltic pump), the flow rate

similarly increases or decreases.
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[0096] FIG. 17 illustrates an example modulated flow profile having periodic flushing cycles
in the system 1600 of FIG. 16 that are triggered at predetermined times by the pressure
source 1602. This modulated flow profile can also be applied to other microfluidic systems
mentioned above in FIGS. 1-15. In the illustrated embodiment, the system 1600 periodically
transitions between a normal operating mode and a flushing mode. As shown, the flow rate
of the fluid is increased when transitioning from the normal operating mode to the flushing
mode, and is decreased when transitioning from the flushing mode to the normal operating
mode.

[0097] In the illustrated embodiment of FIG. 17, the flow rate during the normal operating
mode o remains generally constant during the experiment. At a predetermined first time X,
the flow rate of the system is increased from the normal operating flow rate o to the flushing
flow rate B. This ramp-up in flow rate can be caused by, for example, increasing the speed of
a pump or increasing the pressure driving the fluid. The system remains at the flushing flow
rate B for a predetermined period of time, and then returns to the normal operating mode at
the normal operating flow rate a. The system then proceeds in normal operating mode until
reaching a second predetermined time Y, at which point the flushing cycle is triggered again.
In some embodiments, the flushing flow rate is at least ten times higher than the operating
flow rate. In some embodiments, the flushing flow rate at least 100 times higher than the
operating flow rate. In some embodiments, the flushing cycle is triggered at consistently
spaced time intervals.

[0098] During operation in the normal condition, an undesired aggregation (e.g., bubbles)
will form at a first point in the fluid path. The flow properties of the fluid path may be such
that the aggregation will not grow only to a certain point, and will not grow to fully occlude
the fluid path. The flushing cycle is configured to cause at least a portion of the undesired
aggregation to move from the first position toward a second, downstream position.
Beneficially, movement of the undesired aggregation through the fluid path will occur due to
the flushing cycle even if that aggregation is not detectable by, for example, sensors.

[0099] In some embodiments, the normal operating mode proceeds for between about two
and about eight hours. In some embodiments, the normal operating mode proceeds for
between about two hours and about six hours. In some embodiments, the normal operating
mode proceeds for about four hours. In some embodiments, the flushing cycle lasts for
between about five seconds and about 120 seconds. In some embodiments, the flushing
cycle lasts for between about ten and about ninety seconds. In some embodiments, the

flushing cycle lasts for between about 20 seconds and about 75 seconds. For example,
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surprisingly, systems that operated in the normal operating mode for four hours, then entered
a flushing cycle that lasted a duration of between twenty and seventy-five seconds before
returning to the normal operating mode were able to consistently maintain the viability and
function of lung-on-a-chip devices for more than seven days of perfusion.

[0100] In some embodiments, flushing of adjacent fluid paths is triggered simultancously to
inhibit damage to components of the system. For example, the fluid paths for the first
microchannel 24 and the second microchannel 26 of the OOC device 10 can be flushed at the
same time even though one of the fluid paths may not need to be flushed as frequently.
Beneficially, the simultancous flushing reduces stress to the membrane 30 between the
microchannels by reducing or maintaining the pressure differential across the membrane 30
during the flushing cycle.

[0101] It is contemplated that the normal operating flow rate o may increase or decrease by
known amounts during operation depending on the particular experimental design. This
known increase and/or decrease during normal operating mode can be accounted for, and
characteristics such as the period between flushing cycles, the difference in flow rate between
the normal operating mode and the flushing mode, the duration of the flushing mode,
combinations thereof, and/or the like can be altered to account for these known changes in the
operating modes.

[0102] It is further contemplated that systems and methods in accord with the present
invention may include sensors to monitor characteristics associated with the fluid line such as
flow rate, pressures, etc. For example, a sensor can be used to directly or indirectly detect the
existence of a triggering condition such as a bubble or bubbles in the system. A control
mechanism can then be used to trigger a flushing cycle that is in addition to, or in place of,
the periodic flushing in response to the triggering condition. In some embodiments, an
optical bubble sensor is used to directly determine development of a bubble within the flow
path. In some embodiments, a flow-rate sensor is used to detect the presence of a bubble by
detecting augmented flow resistance (e.g., by detecting an unexpected change in flow rate or
pressure).

[0103] Mecasurement and analysis of flow characteristics and/or triggering of additional
flushing cycles can be used to adjust the time period between flushing cycles, adjust the flow
rate used during the flushing cycle, adjust the duration of the flushing cycle, etc. In some
embodiments, the detection of a bubble and initiation of a non-periodic flush will cause the
system to reduce the time period between flushing cycles. In some embodiments, the

detection of unexpected flow characteristics during normal operation mode will cause the
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system to increase the flow rate used during the flushing cycle or increase the duration of the
flushing cycle.

[0104] While many of the above-described examples of increasing or decreasing flow
through the system have been made with reference to increasing or decreasing pump speed or
driving pressures, it is contemplated that valves may be used in the system to provide control
of flow rates. For example, valves, particularly microfluidic valves, can be used to constrict
or extend fluid paths, leading to lower or higher flow rates of the working fluid.

[0105] While pressure-driven aspects of the present invention have been described as
applying pressure to push the working fluid 114a through the system, in some embodiments,
a vacuum is applied to the output reservoir 106b to pull the working fluid 114a through the
system. In such a case, the fluid-resistance element 102 still permits better control of the
fluid flow as the working fluid is drawn to the input reservoir. Further, this allows a wider
range of pressurized gases to be used because the pressurized gas is in contact with the
working fluid 114a after it has been in contact with the cells within the OOC device 10.
Moreover, if a vacuum is applied to the output reservoir 106b in combination with
pressurized gas 116a applied to the input reservoir 106a, a wider range of pressurized gases
can be used because the vacuum will outgas the effluent 114b.

[0106] While FIGS. 2, 9, 11, and 12 reference the output fluid reservoir 106b having a gas
116b at atmospheric pressure, it is contemplated that higher pressures may also be used.
Beneficially, the output reservoir 106b having the gas 116b at a higher pressure provides for
the system to operate at a higher overall pressure. This higher operating pressure across the
system may provide beneficial properties, such as the system more closely replicating
selected biological conditions, for example biological conditions of the kidneys.

[0107] While the input fluid reservoir 106a and output fluid reservoir 106b have been
described as storing the fluid in bulk, it is contemplated that capillary reservoirs may
additionally or alternatively be used. A capillary reservoir includes an elongated fluid path.
The elongated fluid path is configured to store the working fluid 114a therein. Beneficially,
this elongated fluid path can be configured to inhibit mixing of the working fluid 114a
between sample inputs. That is, the elongated fluid path beneficially retains time-based
differences between samples injected in the reservoir at a first time, and samples injected at a
second time. This provides additional sensitivity to the data collected by the system.

[0108] While FIGS. 2-4, 8A-9, and 11-12 depict the fluid-resistance element 102 as disposed
upstream from the OOC device 10, it is contemplated that other configurations may be used.

In some embodiments, the resistor is disposed downstream from the OOC device 10.
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Beneficially, this can provide for higher operating pressures for the OOC device 10. This
higher operating pressure across the OOC device 10 may provide beneficial properties, such
as the OOC device 10 more closely replicating selected biological conditions, for example,
biological conditions of the kidneys. In some embodiments, fluid-resistance elements 102 are
disposed both upstream and downstream from the OOC device 10. Beneficially, disposing
fluid-resistance elements 102 on both the upstream and downstream of the OOC device 10
provide for a wider range of pressures to be used at the input fluid reservoir 106a and the
output fluid reservoir 106b.
[0109] FIGS. 9-15 have been described with reference to OOC devices 10 and microfluidic
devices generally. However, the advantages of these systems are not limited to microfluidic
applications, but extend to other fluid systems.
[0110] Beneficially, systems having pressure-driven flow can be easily modified, or even
used as-is, to also pump gas through the one or more microchannels on the OOC devices 10.
This is useful, for example, for lung-on-chip airway channels, where the pushed gas can be
used to clear the airway channels of liquids or to perfuse it with air to simulate breathing. In
some embodiments, separate regulators are used, but share a supply line, thus reducing the
costs and complexity of the system.
[0111] According to some embodiments of the present invention, a system for monitoring a
biological function associated with cells comprises:
(a) a microfluidic device having a first microchannel, a second microchannel, and
a membrane located at an interface region between the first microchannel and
the second microchannel, the membrane including a first side facing toward
the first microchannel and a second side facing toward the second
microchannel, the first side having the cells adhered thereto;
(b) a fluid line for delivering a working fluid to or from the first microchannel
from or to, respectively, a fluid reservoir; and
(c) a fluid-resistance element coupled to the fluid line, the fluid-resistance
element having a first fluidic resistance that is substantially larger than a
second fluidic resistance associated with the first microchannel.
[0112] Optionally, the fluid reservoir includes the working fluid and a pressurized gas. The
pressurized gas the flow of the working fluid through the fluid line and fluid-resistance
clement.
[0113] Optionally, the fluid-resistance element includes a chip having an elongated fluid

path. The first fluidic resistance is created by the elongated fluid path.
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[0114] Optionally, the fluid-resistance element includes an elongated capillary tube has an
clongated fluid path. The first fluidic resistance is created by the elongated fluid path.

[0115] Optionally, the capillary tube undergoes multiple windings within a housing of the
fluid-resistance element.

[0116] Optionally, a system or device may further include a pump mechanism to apply
pressure to a gas within the fluid reservoir, thereby creating a pressurized gas.

[0117] Optionally, the gas is substantially insoluble in the working fluid.

[0118] Optionally, the gas is a mixture of gases, the mixture including a gas that is
substantially insoluble in the working fluid.

[0119] Optionally, the first fluidic resistance is at least about 100 times greater than the
second fluidic resistance.

[0120] Optionally, the fluid reservoir includes an elongated fluid path. The elongated fluid
path is configured to store the working fluid therein.

[0121] According to other embodiments of the present invention, a device for monitoring a
biological function associated with cells comprises:

(a) a body having a first microchannel, a second microchannel, and a membrane
located at an interface region between the first microchannel and the second
microchannel, the membrane including a first side facing toward the first
microchannel and a second side facing toward the second microchannel, the
first side having the cells adhered thereto;

(b) the body further defining an internal fluid-resistance element coupled to the
first microchannel, the internal fluid-resistance element having a first fluidic
resistance that is substantially larger than a second fluidic resistance associated
with the first microchannel.

[0122] Optionally, the first fluidic resistance is at least about 100 times greater than the
second fluidic resistance.

[0123] According to further embodiments of the present invention, a system for monitoring a
biological function associated with cells comprises:

(¢) a microfluidic device having a first microchannel, a second microchannel, and
a membrane located at an interface region between the first microchannel and
the second microchannel, the membrane including a first side facing toward
the first microchannel and a second side facing toward the second
microchannel, the first side having the cells adhered thereto;

(d) a fluid reservoir having a working fluid and a pressurized gas;
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(¢) a pump mechanism in communication with the fluid reservoir to maintain a
desired pressure of the pressurized gas; and

(f) a fluid-resistance eclement located within a fluid path between the fluid
reservoir and the first microchannel, the fluid-resistance element having a first
fluidic resistance that is substantially larger than a second fluidic resistance
associated with the first microchannel.

[0124] Optionally, the fluid-resistance element includes a substrate having an elongated fluid
path. The first fluidic resistance is created by the elongated fluid path.

[0125] Optionally, the fluid-resistance element includes an elongated capillary tube having
an clongated fluid path. The first fluidic resistance is created by the elongated fluid path.
[0126] Optionally, the capillary tube undergoes multiple windings within a housing of the
fluid-resistance element.

[0127] Optionally, the system or device may further include a pressure sensor within the fluid
reservoir, the pump mechanism being actuated in response to a predetermined output from
the pressure sensor.

[0128] Optionally, the fluid resistance element is located upstream of the first microchannel.
[0129] Optionally, the fluid resistance element is located downstream from the first
microchannel.

[0130] Optionally, the first fluidic resistance is at least about 100 times greater than the
second fluidic resistance.

[0131] According to yet another embodiment of the present invention, a system for
monitoring a biological function associated with cells comprises:

(g) a microfluidic device having a first microchannel, a second microchannel, and
a membrane located at an interface region between the first microchannel and
the second microchannel, the membrane including a first side facing toward
the first microchannel and a second side facing toward the second
microchannel, the first side having the cells adhered thereto;

(h) a fluid reservoir having a working fluid and a pressurized gas, the fluid
reservoir being coupled to the first microchannel via a fluid line;

(1) a pressure regulator in communication with the fluid reservoir to maintain a
desired pressure of the pressurized gas, the pressurized gas causing the
working fluid to move through the first microchannel; and

(j) a sensor for monitoring activity of the pressure regulator to determine an

increase in fluidic resistance within the fluid line or the first microchannel.
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[0132] Optionally, the system or device may further include a fluid-resistance element
located within a fluid path between the fluid reservoir and the first microchannel. The fluid-
resistance element has a first fluidic resistance that is substantially larger than a second
fluidic resistance associated with the first microchannel.

[0133] Optionally, the sensor monitors one or more properties associated with a valve of the
pressure regulator.

[0134] Optionally, the one or more properties is a percentage of time that the valve is open.
[0135] Optionally, the sensor monitors a control signal sent to the valve.

[0136] Optionally, the system or device may further include a gas filter located in a gas line
between the pressure regulator and the fluid reservoir. The sensor measures the pressure
differential across the gas filter.

[0137] Optionally, the increase in fluidic resistance is caused by bubbles in the fluid line or
the first microchannel.

[0138] Optionally, the increase in fluidic resistance is caused by a blockage in the fluid line
or the first microchannel.

[0139] Optionally, the blockage is associated with cells in the first microchannel.

[0140] Optionally, the pressure regulator, in response to the sensor determining the increase
in fluidic resistance, maintains a second pressure of the pressurized gas, the second pressure
being selected to clear a blockage.

[0141] According to other embodiments of the present invention, a system for monitoring a
biological function associated with cells comprises:

(k) a microfluidic device having a first microchannel, a second microchannel, and
a membrane located at an interface region between the first microchannel and
the second microchannel, the membrane including a first side facing toward
the first microchannel and a second side facing toward the second
microchannel, the first side having the cells adhered thereto;

(1) a fluid reservoir having a working fluid and a pressurized gas, the fluid
reservoir being coupled to the first microchannel via a fluid line;

(m)a volumetric pump in communication with the fluid reservoir to cause a
pressure on the pressurized gas, the pressurized gas causing the working fluid
to move through the first microchannel; and

(n) a sensor located between the fluid reservoir and the volumetric pump, the

sensor for monitoring the pressure of a gas in the system.
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[0142] Optionally, in response to the pressure being below a predetermined value, the
volumetric pump supplies gas to the fluid reservoir at a first volumetric flow rate. And
wherein, in response to the pressure being at or above the predetermined value. The
volumetric pump supplies gas to the fluid reservoir at a second volumetric flow rate. The
second volumetric flow rate is less than the first volumetric flow rate.

[0143] Optionally, the second volumetric flow rate is approximately equal to a volumetric
flow rate of the working fluid through the first microchannel.

[0144] Optionally, the first volumetric flow rate is at least about 100 times greater than the
second volumetric flow rate.

[0145] According to yet other aspects of the present invention, a system for monitoring a
biological function associated with cells comprises:

(o) a microfluidic device having a first microchannel, a second microchannel, and
a membrane located at an interface region between the first microchannel and
the second microchannel, the membrane including a first side facing toward
the first microchannel and a second side facing toward the second
microchannel, the first side having the cells adhered thereto;

(p) a fluid reservoir having a working fluid and a pressurized gas, the fluid
reservoir being coupled to the first microchannel via a fluid line, the
pressurized gas causing the working fluid to move through the first
microchannel;

(q) a pressure source in communication with the fluid reservoir to provide a
pressure-modulation profile, the pressure-modulation profile including
periodic pressure increases to inhibit the accumulation of bubbles or debris in
the system.

[0146] According to another aspect, the present invention involves a method of monitoring a
biological function in a device having a membrane located on an interface region between a
first microchannel and a second microchannel. A first side of the membrane faces the first
microchannel receiving a working fluid and has a first type of cells adhered thereto. The
method comprises:

(r) in response to applying pressure to a gas within a fluid reservoir containing the
gas and the working fluid, moving the working fluid through a fluid-resistance
clement; and

(s) after moving the working fluid through the fluid-resistance element,

transferring the working fluid into the first microchannel.
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[0147] Optionally, the fluid-resistance element has a first fluidic resistance that is
substantially larger than a second fluidic resistance associated with the first microchannel.
[0148] Optionally, the first fluidic resistance is at least 100 times greater than the second
fluidic resistance.

[0149] Optionally, the fluid-resistance element is located within the device in fluid path prior
to the first microchannel.

[0150] According to yet another aspect, the present invention also involves a method of
detecting a fluid blockage in a microfluidic device having a membrane located on an interface
region between a first microchannel and a second microchannel. The first side of the
membrane faces the first microchannel receiving a working fluid and has a first type of cells
adhered thereto. The method comprises:

(t) in response to applying pressure to a gas within a fluid reservoir contain the
gas and the working fluid, moving the working fluid though the first
microchannel; and

(u) monitoring an activity of a pressure source that provides pressure to the gas.

[0151] Optionally, the monitoring includes monitoring a valve that is associated with the
pressure source.

[0152] Optionally, the monitoring includes monitoring the pressure differential across a filter
located in a gas line between the pressure regulator and the fluid reservoir.

[0153] Optionally, the monitoring includes monitoring movement of a volumetric pump, the
volumetric pump being configured to move when the pressure to the gas is below a
predetermined threshold.

[0154] Optionally, the method may further include raising, in response to the volumetric
pump not moving for a period of time, the predetermined threshold to a second
predetermined threshold.

[0155] According to yet a further aspect, the present invention includes a method of
inhibiting an accumulation of bubbles within a microfluidic system having a device with a
membrane located at an interface region between a first microchannel and a second
microchannel. The first side of the membrane faces the first microchannel receiving a
working fluid and has a first type of cells adhered thereto. The microfluidic system includes
a fluid line with a fluid-resistance element leading to the first microchannel within the device.

The method comprises:
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(v) in response to applying pressure to a gas within a fluid reservoir containing the
gas and the working fluid, moving the working fluid through the fluid-
resistance element and into the first microchannel; and

(w)periodically increasing the pressure to the gas within the fluid reservoir to
advance bubbles through the first microchannel and the fluid line.

[0156] Optionally, the pressure is increased to a level known to remove bubbles from the
system by opening a valve that is associated with the pressure source.

[0157] Optionally, the periodic increase in pressure occurs at one cycle per minute.

[0158] According to other aspects of the present invention, a microfluidic system comprises:

(x) a microfluidic device having a first microchannel;

(y) a fluid reservoir;

(z) a fluid line for delivering a working fluid to or from the first microchannel
from the fluid reservoir; and

(aa) a fluid-resistance element within the fluid line, the fluid-resistance
element having a first fluidic resistance that is substantially larger than a
second fluidic resistance associated with the first microchannel.

[0159] In yet another aspect of the present invention, a microfluidic system comprises:

(bb) a microfluidic device having a first microchannel;
(cc) a fluid reservoir having a working fluid and a pressurized gas;
(dd) a pump in communication with the fluid reservoir to maintain a desired

pressure of the pressurized gas; and

(ee) a fluid-resistance element located within a fluid path between the fluid
reservoir and the first microchannel, the fluid-resistance element having a first
fluidic resistance that is substantially larger than a second fluidic resistance
associated with the first microchannel.

[0160] According to yet a further aspect of the present invention, a fluid system comprises:

(ff) a device having a first channel for receiving a working fluid;

(gg) an input-fluid reservoir for holding the working fluid;

(hh) a output-fluid reservoir for holding the working fluid after the working
fluid has passed through the device;

(i) a fluid line for delivering the working fluid from the input-fluid reservoir and

to the output-fluid reservoir, the device being coupled to the fluid line; and
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(jj) a fluid-resistance element within the fluid line, the fluid-resistance element
having a first fluidic resistance that is substantially larger than a second fluidic
resistance associated with the first channel.

[0161] According to some other configurations of the present invention, a fluid system
comprises:

(kk) a device having a first channel for receiving a working fluid;

(1) a fluid reservoir for holding the working fluid and a pressurized gas;

(mm) a fluid line coupling the fluid reservoir and the device;

(nn) a pump in communication with the fluid reservoir to maintain a desired
pressure of the pressurized gas so as to transfer the working fluid through the
device; and

(00) a fluid-resistance element within the fluid line, the fluid-resistance
element having a first fluidic resistance that is substantially larger than a
second fluidic resistance associated with the first channel.

[0162] According to yet a further aspect, the present invention is a method for inhibiting
formation of an occlusion in a microfluidic system that comprises:

(rp) flowing a working fluid through the microfluidic system at a first flow
rate for a first time period, an undesired aggregation of bubbles forming at a
first position in the microfluidic system during the first time period;

(qqQ) in response to the first time period ending, increasing a flow rate of the
working fluid to a second flow rate for a second time period to cause at least a
portion of the undesired bubbles to move from the first position toward a
second position; and

(rr) repeating the acts of flowing and increasing to cause a periodic bubble
flushing within the microfluidic system.

[0163] Optionally, the method may further include:

(ss)measuring characteristics of the microfluidic system;

(tt) in response to the measuring, adjusting at least one of the first time period and
the second time period during the repeating.

[0164] Optionally, the adjusted first time period is longer than the initial first time period.
[0165] Optionally, the increasing is caused by a pump in direct communication with the
working fluid.

[0166] Optionally, the method may further include:

(uu) measuring characteristics of the microfluidic system; and
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(vv) in response to the measuring, adjusting the second flow rate during the
repeating.
[0167] Optionally, the adjusted second flow rate is greater than the initial second flow rate.
[0168] Optionally, the method may further include:
(ww) measuring, during the first time period, characteristics of the
microfluidic system;
(xx) analyzing the characteristics of the microfluidic system for an
occurrence of a triggering condition;
(yy) in response to the triggering condition, causing the working fluid to
flow through the microfluidic system at a third flow rate;
(zz) after the response to the triggering condition, returning the flow of the
working fluid through the microfluidic system to the first flow rate.
[0169] Optionally, the acts of causing the working fluid to flow through the microfluidic
system at the third flow rate and the returning the working fluid to the first flow rate do not
affect the ending of the first time period.
[0170] Optionally, the third flow rate is equal to the second flow rate.
[0171] Optionally, the triggering condition is the detection of a bubble.
[0172] Optionally, the undesired aggregation of bubbles at the first position abuts at least one
cell.
[0173] According to yet another aspect of the present invention, a system for monitoring a
biological function associated with cells comprises:
(aaa) a microfluidic device having a microchannel including a surface, the
cells being adhered to the surface;
(bbb) a pressure source configured to cause a working fluid to flow along a
fluid path that includes the first microchannel of the microfluidic device; and
(ccce) a controller coupled to the pressure source and causing the pressure
source to be operable in a normal operating mode and a flushing mode, the
normal operating mode including the working fluid flowing past the cells
within the microchannel at a first flow rate, the flushing mode including the
working fluid flowing past the cells within the microchannel at a second flow
rate that is higher than the first flow rate to move an undesired aggregation of
bubbles from a first position in the fluid path toward a second position along
the fluid path, the controller switching to the flushing mode in response to a

predetermined condition.
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[0174] Optionally, the predetermined condition is a predetermined interval of time.

[0175] Optionally, the system or device may further include a sensor for measuring
characteristics of the system, wherein the predetermined interval of time is adjusted in
response to the measured characteristics.

[0176] Optionally, the system or device may further include a sensor for measuring
characteristics of the system.

[0177] Optionally, the predetermined condition is in response to the sensor detecting a
triggering event.

[0178] Optionally, the triggering event is sensing the undesired aggregation of bubbles
reaching a predetermined threshold.

[0179] Optionally, the second flow rate is adjusted in response to the measured
characteristics.

[0180] Optionally, the pressure source is a pump in direct communication with the working
fluid.

[0181] Optionally, the pump is a volumetric pump.

[0182] Optionally, the undesired aggregation of bubbles at the first position abuts at least one
cell.

[0183] According to another aspect, the present invention is a method for monitoring a
biological function associated with living cells that comprises:

(ddd) flowing a working fluid at known fluid-flow conditions along a fluid
path including a microchannel of a microfluidic device during a normal
operating mode, the microchannel having cells disposed therein; and

(eee) on a periodic basis during the normal operating mode, automatically
flushing the fluid path at a flushing flow rate for a time period to remove at
least a portion of an undesired aggregation from the fluid path.

[0184] Optionally, the periodic basis is automatically flushing at consistently spaced time
intervals.

[0185] Optionally, the method is performed for at least seven days.

[0186] Optionally, the automatic flushing inhibits cell death due to the undesired
aggregation.

[0187] Optionally, the undesired aggregation is an accumulation of air bubbles.

[0188] Optionally, the flushing flow rate is higher than a first flow rate associated with the

normal operating mode.
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[0189] Optionally, the undesired aggregation would not form an occlusion under continuous
flowing of the working fluid in the normal operating mode.
[0190] Optionally, the method may further include:
(fff) detecting a presence of a bubble along the fluid path; and
(ggg) in response to the detection and independent of the automatic flushing,
flushing the fluid path at a second flushing flow rate.
[0191] Optionally, the second flushing flow rate is different from the flushing flow rate.
[0192] Optionally, the automatic flushing is caused by a pump in direct communication with
the working fluid.
[0193] Optionally, the automatic flushing is caused by raising the height of a fluid reservoir
holding the fluid reservoir.
[0194] Optionally, the automatic flushing is caused by altering a valve within the fluid path.
[0195] According to some other aspects of the present invention, a system for monitoring a
biological function associated with cells comprises:
(hhh) a microfluidic device having a microchannel;
(iii)a fluid line for delivering a working fluid from a fluid reservoir to or from the
microchannel; and
(jjj)a fluid-resistance eclement coupled to the fluid line, the fluid-resistance
element having a first fluidic resistance that is substantially larger than a
second fluidic resistance associated with the first microchannel.
[0196] Optionally, the fluid reservoir includes the working fluid and a pressurized gas. The
pressurized gas forces the flow of the working fluid through the fluid line and fluid-resistance
element.
[0197] Optionally, the fluid-resistance element includes a chip having an elongated fluid
path. The first fluidic resistance is created by the elongated fluid path.
[0198] Optionally, the fluid-resistance element includes an elongated capillary tube having
an clongated fluid path. The first fluidic resistance is created by the elongated fluid path.
[0199] Optionally, the capillary tube undergoes multiple windings within a housing of the
fluid-resistance element.
[0200] Optionally, the system or device may further include a pump mechanism to apply
pressure to a gas within the fluid reservoir, thereby creating a pressurized gas.
[0201] Optionally, the gas is substantially insoluble in the working fluid.
[0202] Optionally, the gas is a mixture of gases. The mixture includes a gas that is

substantially insoluble in the working fluid.
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[0203] Optionally, the first fluidic resistance is at least about 100 times greater than the
second fluidic resistance.

[0204] Optionally, the fluid reservoir includes an elongated fluid path, the elongated fluid
path being configured to store the working fluid therein.

[0205] While the present invention is described with reference to one or more particular
embodiments or configurations, those skilled in the art will recognize that many changes may
be made thereto without departing from the spirit and scope of the present invention. Each of
these embodiments or configurations, and obvious variations thereof, is contemplated as
falling within the spirit and scope of the invention. It is also contemplated that additional
embodiments according to aspects of the present invention may combine any number of

features from any of the embodiments or configurations described herein.
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CLAIMS

What 1s claimed is:

1. A system for monitoring a biological function associated with cells, comprising:

a microfluidic device having a first microchannel, a second microchannel, and a
membrane located at an interface region between the first microchannel and the second
microchannel, the membrane including a first side facing toward the first microchannel and a
second side facing toward the second microchannel, the first side having the cells adhered
thereto;

a fluid line for delivering a working fluid to or from the first microchannel from or to,
respectively, a fluid reservoir; and

a fluid-resistance element coupled to the fluid line, the fluid-resistance element having
a first fluidic resistance that is substantially larger than a second fluidic resistance associated

with the first microchannel.

2. The system of claim 1, wherein the fluid reservoir includes the working fluid and a
pressurized gas, the pressurized gas forcing the flow of the working fluid through the fluid

line and fluid-resistance element.

3. The system of claim 1, wherein the fluid-resistance element includes a chip having an

elongated fluid path, the first fluidic resistance being created by the elongated fluid path.

4. The system of claim 1, wherein the fluid-resistance element includes an elongated
capillary tube having an clongated fluid path, the first fluidic resistance being created by the
clongated fluid path.

5. The system of claim 4, wherein the capillary tube undergoes multiple windings within

a housing of the fluid-resistance element.

6. The system of claim 1, further including a pump mechanism to apply pressure to a gas

within the fluid reservoir, thereby creating a pressurized gas.

7. The system of claim 6, wherein the gas is substantially insoluble in the working fluid.
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8. The system of claim 6, wherein the gas is a mixture of gases, the mixture including a

gas that is substantially insoluble in the working fluid.

9. The system of claim 1, wherein the first fluidic resistance is at least about 100 times

greater than the second fluidic resistance.

10.  The system of claim 1, wherein the fluid reservoir includes an elongated fluid path,

the elongated fluid path being configured to store the working fluid therein.

11. A device for monitoring a biological function associated with cells, comprising:

a body having a first microchannel, a second microchannel, and a membrane located
at an interface region between the first microchannel and the second microchannel, the
membrane including a first side facing toward the first microchannel and a second side facing
toward the second microchannel, the first side having the cells adhered thereto;

the body further defining an internal fluid-resistance element coupled to the first
microchannel, the internal fluid-resistance element having a first fluidic resistance that is

substantially larger than a second fluidic resistance associated with the first microchannel.

12. The device of claim 11, wherein the first fluidic resistance is at least about 100 times

greater than the second fluidic resistance.

13. A system for monitoring a biological function associated with cells, comprising:

a microfluidic device having a first microchannel, a second microchannel, and a
membrane located at an interface region between the first microchannel and the second
microchannel, the membrane including a first side facing toward the first microchannel and a
second side facing toward the second microchannel, the first side having the cells adhered
thereto;

a fluid reservoir having a working fluid and a pressurized gas;

a pump mechanism in communication with the fluid reservoir to maintain a desired
pressure of the pressurized gas; and

a fluid-resistance element located within a fluid path between the fluid reservoir and
the first microchannel, the fluid-resistance element having a first fluidic resistance that is

substantially larger than a second fluidic resistance associated with the first microchannel.
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14.  The system of claim 13, wherein the fluid-resistance element includes a substrate
having an elongated fluid path, the first fluidic resistance being created by the elongated fluid
path.

15. The system of claim 13, wherein the fluid-resistance element includes an elongated
capillary tube having an clongated fluid path, the first fluidic resistance being created by the
clongated fluid path.

16.  The system of claim 15, wherein the capillary tube undergoes multiple windings

within a housing of the fluid-resistance element.

17.  The system of claim 13, further including a pressure sensor within the fluid reservoir,
the pump mechanism being actuated in response to a predetermined output from the pressure

SENSor.

18.  The system of claim 13, wherein the fluid resistance element is located upstream of

the first microchannel.

19. The system of claim 13, wherein the fluid resistance element is located downstream

from the first microchannel.

20. The system of claim 13, wherein the first fluidic resistance is at least about 100 times

greater than the second fluidic resistance.

21. A microfluidic system, comprising:

a microfluidic device having a first microchannel;

a fluid reservoir;

a fluid line for delivering a working fluid to or from the first microchannel from the
fluid reservoir; and

a fluid-resistance element within the fluid line, the fluid-resistance element having a
first fluidic resistance that is substantially larger than a second fluidic resistance associated

with the first microchannel.

22. A microfluidic system, comprising:

a microfluidic device having a first microchannel;
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a fluid reservoir having a working fluid and a pressurized gas;

a pump in communication with the fluid reservoir to maintain a desired pressure of
the pressurized gas; and

a fluid-resistance element located within a fluid path between the fluid reservoir and
the first microchannel, the fluid-resistance element having a first fluidic resistance that is

substantially larger than a second fluidic resistance associated with the first microchannel.

23. A system for monitoring a biological function associated with cells, comprising:

a microfluidic device having a microchannel;

a fluid line for delivering a working fluid from a fluid reservoir to or from the
microchannel; and

a fluid-resistance element coupled to the fluid line, the fluid-resistance element having
a first fluidic resistance that is substantially larger than a second fluidic resistance associated

with the first microchannel.

24.  The system of claim 23, wherein the fluid reservoir includes the working fluid and a
pressurized gas, the pressurized gas forcing the flow of the working fluid through the fluid

line and fluid-resistance element.

25.  The system of claim 23, wherein the fluid-resistance element includes a chip having

an elongated fluid path, the first fluidic resistance being created by the elongated fluid path.

26. The system of claim 23, wherein the fluid-resistance element includes an elongated
capillary tube having an clongated fluid path, the first fluidic resistance being created by the
clongated fluid path.

27.  The system of claim 26, wherein the capillary tube undergoes multiple windings

within a housing of the fluid-resistance element.

28.  The system of claim 23, further including a pump mechanism to apply pressure to a

gas within the fluid reservoir, thereby creating a pressurized gas.

29.  The system of claim 28, wherein the gas is substantially insoluble in the working

fluid.
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30.  The system of claim 28, wherein the gas is a mixture of gases, the mixture including a

gas that is substantially insoluble in the working fluid.

31. The system of claim 23, wherein the first fluidic resistance is at least about 100 times

greater than the second fluidic resistance.

32.  The system of claim 23, wherein the fluid reservoir includes an elongated fluid path,

the elongated fluid path being configured to store the working fluid therein.
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