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HUMIDITY CONTROL IN CHEMICAL REACTORS

RELATED APPLICATIONS
This application claims priority to U.S. Provisional Patent Application Serial No.
61/719,085, filed October 26, 2012, and entitled “Humidity Control in Chemical
Reactors”; U.S. Provisional Patent Application Serial No. 61/869,118 filed August 23,
2013, and entitled “Humidity Control in Chemical Reactors”; and European Application
No. 13306464.2 filed October 23, 2013 and entitled “Humidity Control in Chemical
Reactors,” each of which is incorporated herein by reference in its entirety for all

purposes.

TECHNICAL FIELD
Systems and methods for the control of humidity in chemical reactors are

generally described.

BACKGROUND
There is currently a great deal of interest in developing small volume bioreactors
for growing cells, for example, for biopharmaceutical production. Controlling liquid
levels in such reactors can be challenging. For example, evaporation of small amounts
of liquid medium within the reactor can lead to relatively large changes in volume, which
can adversely impact bioreactor operation. Improved systems and methods for

controlling humidity in such chemical reactors are therefore desirable.

SUMMARY

Control of humidity in chemical reactors, as well as associated systems and
methods, are generally described. Certain embodiments relate to the control of humidity
within gas transport conduits. The subject matter of the present invention involves, in
some cases, interrelated products, alternative solutions to a particular problem, and/or a
plurality of different uses of one or more systems and/or articles.

In certain embodiments, a reactor system is provided. In some embodiments, the
reactor system comprises a reactor chamber; a reactor chamber gas inlet conduit
configured to transport gas into the reactor chamber through a reactor chamber gas inlet;

a flow control mechanism configured to regulate the flow of gas through the reactor
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chamber gas inlet conduit at a rate of equal to or less than about 1 milliliter per second;
and a humidifier configured to humidify the gas transported through the reactor chamber
gas inlet conduit, the humidifier positioned between the flow control mechanism and the
reactor chamber gas inlet.

In some embodiments, the reactor system comprises a reactor chamber; a reactor
chamber gas outlet conduit configured to transport gas out of the reactor chamber
through a reactor chamber gas outlet; a flow control mechanism configured to regulate
the flow of gas through the reactor chamber gas outlet conduit at a rate of equal to or less
than about 1 milliliter per second; and a liquid trap configured to remove liquid vapor
from the gas within the reactor chamber gas outlet conduit, the liquid trap positioned
between the flow control mechanism and the reactor chamber gas outlet.

The reactor system comprises, in certain embodiments, a reactor chamber,
comprising a liquid sub-chamber configured to contain a liquid growth medium
including at least one biological cell; a gas sub-chamber configured to contain a gaseous
headspace above the liquid growth medium; and a gas-permeable flexible membrane
separating the liquid sub-chamber from the gas sub-chamber. In certain embodiments,
the reactor system comprises a gas inlet conduit configured to transport gas into the gas
sub-chamber; a gas outlet conduit configured to transport gas out of the gas sub-
chamber; and a gas bypass conduit external to the reactor chamber, connecting the gas
inlet conduit to the gas outlet conduit.

Certain embodiments relate to methods of operating a reactor. In certain
embodiments, the method comprises providing a reactor chamber, comprising a liquid
sub-chamber configured to contain a liquid growth medium including at least one
biological cell; a gas sub-chamber configured to contain a gaseous headspace above the
liquid growth medium; and a flexible membrane separating the liquid sub-chamber from
the gas sub-chamber. In some embodiments, the method comprises transporting a gas
from a gas source through a gas inlet conduit to the gas sub-chamber to deform the gas-
permeable flexible membrane such that liquid is at least partially removed from the
liquid sub-chamber; reducing the supply of the gas to the gas sub-chamber such that the
flexible membrane returns toward its original position; transporting gas from the gas
source through a gas bypass connected to the gas inlet conduit and external to the reactor
chamber to remove liquid from the gas inlet conduit; and supplying gas from the gas

source to the gas sub-chamber at least a second time to deform the gas-permeable
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flexible membrane such that liquid is at least partially evacuated from the liquid sub-
chamber.

Other advantages and novel features of the present invention will become
apparent from the following detailed description of various non-limiting embodiments of
the invention when considered in conjunction with the accompanying figures. In cases
where the present specification and a document incorporated by reference include

conflicting and/or inconsistent disclosure, the present specification shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of
example with reference to the accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical or nearly identical
component illustrated is typically represented by a single numeral. For purposes of
clarity, not every component is labeled in every figure, nor is every component of each
embodiment of the invention shown where illustration is not necessary to allow those of
ordinary skill in the art to understand the invention. In the figures:

FIG. 1 is a cross-sectional schematic illustration of a reactor system, according to
certain embodiments;

FIGS. 2A-2C are cross-sectional schematic illustrations of a reactor chamber and
a mode of operating the same, according to one set of embodiments;

FIG. 3 is a bottom-view cross sectional schematic illustration of a reactor system
including a plurality of reactor chambers arranged in series;

FIG. 4A-B are A) a cross-sectional schematic illustration of a reactor system with
a long path and B) a cross-sectional schematic illustration of a reactor system with a
short path, according to certain embodiments;

FIG. 5 is a cross-sectional schematic illustration of a reactor system, according to
certain embodiments;

FIG. 6 is a cross-sectional schematic illustration of a gas manifold for a reactor
system, according to one set of embodiments;

FIG. 7 is a cross-sectional schematic illustration of a gas manifold for a reactor
system, according to some embodiments; and

FIG. 8 is a photograph of a reactor system, according to certain embodiments.
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DETAILED DESCRIPTION

Control of humidity in chemical reactors, and associated systems and methods,
are generally described. In certain embodiments, the humidity within gas transport
conduits and chambers can be controlled to inhibit unwanted condensation within gas
transport pathways. By inhibiting condensation within gas transport pathways, clogging
of such pathways can be limited (or eliminated) such that transport of gas can be more
easily and controllably achieved. In addition, strategies for purging condensed liquid
from chemical reactor systems are also described.

The embodiments described herein can be used to control evaporation and
compensate for liquid loss in reactor chambers. Such control and compensation can be
especially useful in small volume reactors (e.g., reactors having volumes of about
50 milliliters or less), in which the loss of even small amounts of liquids can adversely
impact reactor performance. In certain embodiments, the reactors described herein
include a liquid phase (which can contain, for example, a liquid growth medium for
biological cells such as any common cell growth medium containing essential amino
acids and cofactors known to those of ordinary skill in the art) and a gas phase (e.g.,
comprising carbon dioxide, oxygen, and/or an inert gas). In some such embodiments, the
liquid phase and the gas phase can be in direct contact, while in other such embodiments,
the liquid phase and the gas phase can be separated by a moveable wall, as described in
more detail below.

In certain embodiments, a humidifier can be connected directly or indirectly to a
gas inlet of the reactor chamber. The humidifier can be any vessel in which gas is
transported (e.g., bubbled) through a liquid at a temperature that is equal to or higher
(e.g., at least about 1°C higher, at least about 5°C higher, at least about 10°C higher, at
least about 20°C higher, at least about 30°C higher, or at least about 40°C higher (and/or,
in certain embodiments, up to about 50°C higher, up to about 75°C higher, or more))
than the temperature of the liquid in the reactor chamber (e.g., between about 30°C to
about 40°C). The humidifier can be configured to produce a humidifier gas outlet stream
having a liquid vapor content that is greater than the liquid vapor content of the gas
transported into the humidifier. For instance, in some embodiments, the liquid vapor
content is greater than or equal to about 70% (e.g., greater than or equal to about 8§0%,
greater than or equal to about 90%, about 100%) of the saturation point for the

humidifier temperature.



10

15

20

25

30

WO 2014/066781 PCT/US2013/066845

-5-

In some embodiments, a liquid trap can be connected to a gas outlet of the reactor
chamber. The liquid trap can be any vessel in which gas is transported (e.g., bubbled)
through a liquid at a temperature that is equal to or lower (e.g., at least about 1°C lower,
at least about 5°C lower, least about 10°C lower, or least about 20°C lower) than the
temperature of the liquid in the reactor chamber. The liquid trap can be configured to
produce a liquid trap gas outlet stream having a liquid vapor content that is lower than
the liquid vapor content of the gas transported into the liquid trap. For example, the
liquid vapor content of the gas may be from about 0% to about 10% (e.g., from about 0%
to about 5%).

In certain embodiments, liquid can be removed from gas transport lines leading to
one or more inlet(s) and/or outlet(s) of the reactor chamber, for example, by flushing the
lines with gas during a period of time in which there is one or more unblocked
connection between an inlet and outlet of the chamber, either designed into the chamber
or temporarily unblocked due to a state of the chamber.

In certain embodiments, the gas flow rate through the reactor chamber can be
reduced (e.g., by at least about 80%, by at least about 90%, by at least about 95%
(and/or, in some embodiments, by up to about 99%, or more)) by using a constriction (or
other flow rate regulation device) in the gas transport conduits leading into and/or out of
the chamber. In some such embodiments in which a humidifier is present, the humidifier
can be located between the inlet constriction and the inlet of the reactor chamber. In
some such embodiments in which a liquid trap is present, the liquid trap can be located
between the reactor chamber and the outlet constriction. Such positioning of the
constriction can ensure that clogging of the constrictions with liquid is inhibited or
eliminated.

FIG. 1 is a schematic illustration of a reactor system 100. Reactor system 100
can comprise a reactor chamber 102. Reactor system 100 can further comprise a reactor
chamber gas inlet conduit 104. Reactor chamber gas inlet conduit 104 can be configured
to transport gas into reactor chamber 102 through reactor chamber gas inlet 106.

Reactor system 100 can also comprise a flow control mechanism 108 configured
to regulate the flow of gas through the reactor chamber gas inlet conduit. A variety of
suitable devices can be used as flow control mechanisms. For example, in certain
embodiments, including those illustrated in FIG. 1, flow control mechanism 108

corresponds to a constriction in a gas supply conduit. The cross-sectional dimension of
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the gas supply conduit within the constriction can be, in certain embodiments, at least
about 10% smaller, at least about 25% smaller, at least about 50% smaller, at least about
80% smaller, at least about 90% smaller, or at least about 95% smaller (and/or, in some
embodiments, up to about 99% smaller, or smaller) than the smaller of the upstream and
downstream cross-sectional diameters of the gas supply conduit, in certain embodiments.
In other embodiments, flow control mechanism 108 corresponds to a pressure regulator,
which generally automatically cuts off the flow of a gas at a certain pressure. In general,
any suitable flow control mechanism that poses a resistance to flow may be used, such
as, for example, constrictions, extensions of the gas supply conduit, impedance material
in the gas supply conduit (e.g., filters), and the like.

In certain embodiments, flow control mechanism 108 is configured to regulate
the flow of gas through the reactor chamber gas inlet conduit at a relatively low flow
rate. For example, in certain embodiments, flow control mechanism 108 is configured to
regulate the flow of gas through the reactor chamber gas inlet conduit at a flow rate of
equal to or less than about 1 milliliter per second, equal to or less than about
100 microliters per second, or equal to or less than about 10 microliters per second
(and/or in certain embodiments, as low as about 0.1 microliters per second). Relatively
slow transport of gas through a reactor system can be important, for example, in small-
scale reactors, which might require relatively slow flows of gas to the reactor chamber.

In certain embodiments, reactor system 100 comprises a humidifier 110.
Humidifier 110 can be configured to humidify the gas transported through reactor
chamber gas inlet conduit 104. The humidifier can comprise, for example, a fluid
contained within a vessel. The gas inlet conduit to the humidifier can have an outlet that
is submerged in the fluid such that the gas is bubbled through the fluid within the
humidifier. Subsequently, the gas can be transported out of the humidifier via a gas
outlet conduit. One of ordinary skill in the art would be capable of designing other
schemes to achieve humidification of the gas transported through reaction chamber gas
inlet conduit 104.

In certain embodiments, humidifier 110 is positioned between flow control
mechanism 108 and reactor chamber gas inlet 106. That is to say, humidifier 110 can be
fluidically connected such that, after gas is transported out of flow control mechanism
108, the gas is subsequently transported through humidifier 110, and subsequently to

reactor chamber 102. Positioning the humidifier in this way can reduce the degree to
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which liquid condenses within reactor chamber gas inlet conduit 104. In cases in which
humidifier 110 is placed upstream of flow control mechanism 108, the relatively humid
gas exiting the humidifier can be more prone to condense while moving relatively slowly
through the narrow passageways of flow control mechanism 108. On the other hand,
when humidifier 110 is placed downstream of flow control mechanism 108, the gas that
is transported through flow control mechanism 108 is relatively dry, and condensation
can be inhibited (or eliminated).

Humidifier 110 can be used, for example, to supply liquid to or maintain the level
of liquid within reactor chamber 102. For example, if the liquid within reactor chamber
102 evaporates or is otherwise removed from the reaction chamber during operation, the
liquid within the gas supplied by reactor chamber gas inlet conduit 104 can be
transferred from the gas within reactor chamber 102 to the liquid within reaction
chamber 102 (optionally, through a moveable wall such as a membrane, discussed in
more detail below). If the liquid level within reactor chamber 102 is determined to be at
a desired level, the amount of liquid in the gas supplied by reactor chamber gas inlet
conduit 104 can be set (e.g., using humidifier 110) such that evaporation of liquid within
reactor chamber 102 is inhibited or eliminated.

In some embodiments, reactor system 100 includes a reactor chamber gas outlet
conduit 112. Reactor chamber gas outlet conduit 112 can be configured to transport gas
out of the reactor chamber through a reactor chamber gas outlet 114. For example, gas
may be transported out of the reactor chamber after a moveable wall (e.g., a flexible
membrane) has been actuated, as discussed in more detail below with respect to
FIGS. 2A-2C and FIG. 3. Gas might also be transported out of the reactor chamber after
oxygen and/or CO, within the gas has been transported from the gaseous headspace to
the liquid medium within the reactor chamber.

In certain embodiments, reactor system 100 includes a flow control mechanism
116 configured to regulate the flow of gas through reactor chamber gas outlet conduit
112. Any suitable device can be used in flow control mechanism 116, including any of
those outlined above with respect to flow control mechanism 108. In certain
embodiments, flow control mechanism 116 is configured to regulate the flow of gas
through the reactor chamber gas inlet conduit at a relatively low flow rate (e.g., at a rate
of equal to or less than about 1 milliliter per second, or at any other rate mentioned above

with respect to flow control mechanism 108).
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Reactor system 100 comprises, in certain embodiments, liquid trap 118. Liquid
trap 118 can be configured to remove liquid vapor from the gas within reactor chamber
gas outlet conduit 112. Liquid trap 118 can be used, for example, to measure the amount
of liquid exiting reactor chamber 102 (e.g., by measuring the change in the amount of
liquid contained in the liquid trap). By determining the amount of liquid exiting reactor
chamber 102, one can determine whether liquid is being lost from the reactor chamber
without directly measuring the amount of liquid within the reactor chamber (which can
be difficult to do, in certain circumstances).

In some embodiments, liquid trap 118 is positioned between flow control
mechanism 116 and reactor chamber gas outlet 114. That is to say, liquid trap 118 can
be fluidically connected such that, after gas is transported out of reactor chamber 102, the
gas is subsequently transported through liquid trap 118, and subsequently to flow control
mechanism 116. Positioning the liquid trap in this way can reduce the degree to which
liquid condenses within reactor chamber gas outlet conduit 112. In cases in which liquid
trap 118 is placed downstream of flow control mechanism 116, the relatively humid gas
exiting the reactor chamber can be more prone to condense while moving relatively
slowly through the narrow passageways of flow control mechanism 116. On the other
hand, when liquid trap 118 is placed upstream of flow control mechanism 116, the liquid
trap can be used to remove vapor from the gas before it is transported to flow control
mechanism 116 (such that the gas that is transported through flow control mechanism
116 is relatively dry), and condensation can be inhibited (or eliminated).

In certain embodiments, an amount of liquid added to or lost from the reactor
chamber can be determined using the humidifier and/or the liquid trap. This can be
achieved, for example, by weighing the humidifier, the reactor chamber, and/or liquid
trap. For example, one could measure the weight of the liquid in the humidifier, measure
the weight of the liquid in the liquid trap, determine the liquid vapor content of the gas
stream entering the humidifier, and determine the liquid vapor content of the gas stream
exiting the liquid trap. After making such a determination, a mass balance could be
performed to determine the amount of liquid added to or lost from the reactor chamber,
optionally without weight the reactor chamber itself. As one illustrative example, if the
amount of liquid vapor in the gas stream entering the humidifier is equal to the amount

of liquid vapor in the gas stream exiting the liquid trap, then the amount of liquid added
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to or lost from the reactor chamber can be determined by subtracting the change in
weight of the liquid trap from the change in weight of the humidifier.

In some embodiments, the humidification and/or evaporation rate of the liquid in
the reactor chamber can be determined by measuring the humidity of the gas passing
through the inlet and outlet of the reactor chamber.

In some embodiments, the uptake and/or release rate of a single or plurality of
different gasses into the reactor chamber can be determined by measuring the
concentration of a single or plurality of gasses in the inlet and outlet of the chamber.

In certain embodiments, two or more (or all) of the strategies outlined above can
be used in combination with each other.

While FIG. 1 illustrates a system in which both humidifier 110 and liquid trap
118 are present, certain embodiments may use only the humidifier or only the liquid trap.
For example, in certain embodiments, reactor system 100 includes humidifier 110, but
does not include liquid trap 118. In some embodiments, reactor system 100 includes
liquid trap 118, but does not include humidifier 110.

In certain embodiments, reactor chamber 102 comprises a gaseous headspace and
a liquid medium that are in direct contact. In other embodiments, however, the gaseous
headspace and liquid medium are separated by a moveable wall. Reactors employing
such arrangements are described, for example, in U.S. Patent Application Serial No.
13/249,959 by Ram et al, filed September 30, 2011, and entitled “Device and Method for
Continuous Cell Culture and Other Reactions” and U.S. Patent Application Publication
No. 2005/0106045 by Lee, filed November 18, 2003, and entitled “Peristaltic Mixing
and Oxygenation System,” each of which is incorporated herein by reference in its
entirety for all purposes.

FIGS. 2A-2C are cross-sectional schematic illustrations outlining how fluid can
be transported by deflecting a moveable wall into and out of a liquid sub-chamber of a
reactor chamber. In FIGS. 2A-2C, reactor system 200 comprises reactor chamber 202.
In certain embodiments, reactor chamber 202 in FIGS. 2A-2C corresponds to reactor
chamber 102 in FIG. 1. Reactor chamber 202 can comprise a liquid sub-chamber 204.
Liquid sub-chamber 204 can be configured to contain a liquid growth medium including
at least one biological cell. Reactor chamber 202 can comprise, in certain embodiments,
gas sub-chamber 206. Gas sub-chamber 206 can be configured to contain a gaseous

headspace above the liquid growth medium within liquid sub-chamber 204.
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Reactor chamber 202 can also comprise a moveable wall 208, which can separate
liquid sub-chamber 204 from gas sub-chamber 206. Moveable wall 208 can comprise,
for example, a flexible membrane. In certain embodiments, the moveable wall is formed
of a medium that is permeable to at least one gas (i.e., a gas-permeable medium). In
certain embodiments, for example, moveable wall can be permeable to oxygen gas
and/or carbon dioxide gas. In such embodiments in which moveable wall 208 is
permeable to a gas (e.g., oxygen and/or carbon dioxide), the gas within gas sub-chamber
206 can be transported to liquid sub-chamber 204, or vice versa. Such transport can be
useful, for example, to transport oxygen gas into a liquid medium within liquid sub-
chamber 204 and/or control pH by transporting carbon dioxide into or out of liquid sub-
chamber 204.

Reactor system 200 can comprise, in certain embodiments, a gas inlet conduit
104, which can be configured to transport gas into gas sub-chamber 206. Gas inlet
conduit 104 in FIGS. 2A-2C can correspond to the gas inlet conduit 104 illustrated in
FIG. 1, in certain embodiments. The gas that is transported into gas sub-chamber 206
can originate from, for example, gas source 216. Any suitable source of gas can be used
as gas source 216, such as gas cylinders. In certain embodiments, gas source 216 is a
source of oxygen and/or carbon dioxide.

In some embodiments, reactor system 200 comprises gas outlet conduit 112
configured to transport gas out of gas sub-chamber 206. Gas outlet conduit 112 in
FIGS. 2A-2C can correspond to the gas outlet conduit 112 illustrated in FIG. 1, in certain
embodiments. In some embodiments, reactor system 200 comprises gas bypass conduit
210 connecting gas inlet conduit 104 to gas outlet conduit 112. Gas bypass conduit 210
can be configured such that it is external to reactor chamber 202, in certain embodiments.
The set of embodiments illustrated in FIG. 1 can also include a gas bypass conduit,
illustrated as conduit 210. Reactor system 200 can also comprise, in certain
embodiments, a liquid inlet conduit 212 and a liquid outlet conduit 214.

In certain embodiments, moveable wall 208 can be actuated such that the
volumes of liquid sub-chamber 204 and gas sub-chamber 206 are modified. For
example, certain embodiments involve transporting a gas from gas source 216 through
gas inlet conduit 104 to gas sub-chamber 206 to deform moveable wall 208.
Deformation of moveable wall 208 can be achieved, for example, by configuring reactor

200 such that gas sub-chamber 206 is pressurized when gas is transported into gas sub-
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chamber 206. Such pressurization can be achieved, for example, by restricting the flow
of gas out of gas outlet conduit 112 (e.g., using valves or other appropriate flow
restriction mechanisms) while gas is being supplied to gas sub-chamber 206.

In certain embodiments, deforming moveable wall 208 can result in liquid being
at least partially removed from liquid sub-chamber 204. For example, in FIG. 2B,
moveable wall 208 has been deformed such that substantially all of the liquid within
liquid sub-chamber 204 has been removed from reactor chamber 202. Such operation
can be used to transport the liquid within liquid sub-chamber 204 to other liquid sub-
chambers in other reactors, as illustrated, for example, in FIG. 3, described in more detail
below.

In certain embodiments, after at least a portion of the liquid within liquid sub-
chamber 204 has been removed from liquid sub-chamber 204, the supply of the gas to
gas sub-chamber 206 can be reduced such that moveable wall 208 returns toward its
original position (e.g., the position illustrated in FIG. 2A). In certain embodiments,
moveable wall 208 will be deflected such that at least a portion of the gas within gas sub-
chamber 206 is removed from the gas sub-chamber. Such gas might be removed, for
example, if liquid enters liquid sub-chamber 204 from liquid inlet 212, for example, from
another upstream reactor, as described in more detail below.

Certain embodiments include the step of supplying gas from gas source 216 to
gas sub-chamber 206 at least a second time (and, in certain embodiments, at least 10
times, at least 100 times, or more) to deform moveable wall 208 such that liquid is at
least partially removed from liquid sub-chamber 204. When such gas introduction steps
are performed repeatedly, moveable wall 208 can act as part of a pumping mechanism,
transporting liquid into and out of liquid sub-chamber 204. Such operation is described
in detail in U.S. Patent Application Serial No. 13/249,959 by Ram et al, filed September
30, 2011, and entitled “Device and Method for Continuous Cell Culture and Other
Reactions.” In certain embodiments, the multiple steps of supplying gas from gas source
216 to gas sub-chamber 206 can be performed relatively rapidly (e.g., in certain
embodiments, at frequencies of between about 0.1 Hertz and about 1000 Hertz, between
about 0.5 Hertz and about 10 Hertz, or between about 1 Hertz and about 3 Hertz).

In certain embodiments in which gas is transported into gas sub-chamber 206
multiple times, gas can be transported from the gas source through gas bypass conduit

210. Transporting gas through gas bypass conduit 210 can be performed to remove
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liquid from gas inlet conduit 104 without transporting the liquid to gas sub-chamber 206.
For example, in certain embodiments, a first valve between gas bypass conduit 210 and
gas inlet 106 can be closed and a second valve between gas bypass conduit 210 and gas
outlet 114 can be closed (and any valves within gas bypass conduit 210 can be opened)
such that, when gas is transported through gas inlet conduit 104, the gas is re-routed
through gas bypass conduit 210, and subsequently out gas outlet conduit 112. Such
operation can serve to flush any unwanted condensed liquid out of the gas inlet conduit,
which can improve the performance of the gas supply methods described elsewhere
herein. In certain embodiments, gas can be transported through the bypass conduit 210
(e.g., as described above) in between steps of transporting gas into gas sub-chamber 206
(e.g., to actuate the moveable wall, as described below), which steps can be, as described
above, performed relatively rapidly.

In some embodiments, multiple sets of reactor chambers can be arranged (e.g., in
series) such that fluidic mixing is achieved along one or more fluidic pathways. FIG. 3
is a bottom view, cross-sectional schematic diagram illustrating the liquid flow paths that
can be used to establish mixing between multiple reactor chambers 102A-C connected in
series, as described in U.S. Patent Application Serial No. 13/249,959 by Ram et al, filed
September 30, 2011, and entitled “Device and Method for Continuous Cell Culture and
Other Reactions.”

In FIG. 3, reactor system 300 includes a first fluidic pathway indicated by arrows
310. The first fluidic pathway can include a first reactor chamber 102A, a second reactor
chamber 102B, and a third reactor chamber 102C. Reactor system 300 also includes
conduits 321, 322, and 323, which can correspond to liquid inlet and/or liquid outlet
conduits for reactor chambers 102A-C. For example, in FIG. 3, conduit 321 is a liquid
inlet conduit for reactor chamber 102B and a liquid outlet conduit for reactor chamber
102A; conduit 322 is a liquid inlet conduit for reactor chamber 102C and a liquid outlet
conduit for reactor chamber 102B; and conduit 323 is a liquid inlet conduit for reactor
chamber 102A and a liquid outlet conduit for reactor chamber 102C. Of course, the flow
of liquid can also be reversed such that conduits 321, 322, and 323 assume opposite roles
with respect to each of reactor chambers 102A-C.

Reactor system 300 can also include a liquid input conduit 350 and a liquid
output conduit 351, which can be used to transport liquid into and out of the liquid sub-

chambers within reactor chambers 102A, 102B, and 102C. Valve 352 may be located in
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liquid input conduit 350, and valve 353 may be located in liquid output conduit 351 to
inhibit or prevent to the flow of liquid out of the mixing system during operation.

In certain embodiments, the moveable walls of reactor chambers 102A-C can be
actuated to transport liquid along fluidic pathway 310 (and/or along a fluidic pathway in
a direction opposite pathway 310). This can be achieved, for example, by sequentially
actuating the moveable walls within reactor chambers 102A-C such that liquid is
transported in a controlled direction. In some embodiments, each of reactor chambers
102A-C can be configured such that they are each able to assume a closed position
wherein moveable wall 208 is strained such that the volume of the liquid sub-chamber is
reduced, for example, as illustrated in FIG. 2B. Peristaltic mixing can be achieved, for
example, by actuating reactor chambers 102A-C such that their operating states alternate
between open (FIGS.2A or FIG. 2C) and closed (FIG. 2B) configurations. In some
embodiments, three patterns may be employed to achieve peristaltic pumping: a first
pattern in which the liquid sub-chamber of reactor chamber 102A is closed and the liquid
sub-chambers within reactor chambers 102B and 102C are open; a second pattern in
which the liquid sub-chamber of reactor chamber 102B is closed and the liquid sub-
chambers within reactor chambers 102A and 102C are open; and a third pattern in which
the liquid sub-chamber of reactor chamber 102C is closed and the liquid sub-chambers
within reactor chambers 102A and 102B are open. By transitioning among these three
patterns (e.g., changing from the first pattern to the second pattern, from the second
pattern to the third pattern, and from the third pattern to the first pattern, etc.) liquid can
be transported among reactor chambers 102A-C in a clockwise direction (as illustrated in
FIGS. 2A-2B). Of course, by re-arranging the order in which the patterns occur (e.g., by
changing from the first pattern to the third pattern, from the third pattern to the second
pattern, and from the second pattern to the first pattern, etc.), liquid can be transported in
the counter-clockwise direction as well.

In certain embodiments, the reactor systems described herein can be used as
bioreactors. For example, the reactor systems can be configured to culture biological
cells. In some such embodiments, a liquid growth medium containing at least one cell is
contained within the reactor chamber to achieve cell growth. The liquid growth medium
can contain any type of biological cell or cell type. For example, the cell may be a
bacterium (e.g., E. coli) or other single-cell organism, a plant cell, or an animal cell. In

some embodiments, the cell may be a eukaryotic cell. If the cell is a single-cell
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organism, then the cell may be, for example, a protozoan, a trypanosome, an amoeba, a
yeast cell, algae, etc. If the cell is an animal cell, the cell may be, for example, an
invertebrate cell (e.g., a cell from a fruit fly), a fish cell (e.g., a zebrafish cell), an
amphibian cell (e.g., a frog cell), a reptile cell, a bird cell, or a mammalian cell such as a
primate cell, a bovine cell, a horse cell, a porcine cell, a goat cell, a dog cell, a cat cell, or
a cell from a rodent such as a rat or a mouse. In some embodiments, the cell can be a
human cell. In some embodiments, the cell may be a hamster cell, such as a Chinese
hamster ovary (CHO) cell. If the cell is from a multicellular organism, the cell may be
from any part of the organism. For instance, if the cell is from an animal, the cell may be
a cardiac cell, a fibroblast, a keratinocyte, a heptaocyte, a chondracyte, a neural cell, a
osteocyte, a muscle cell, a blood cell, an endothelial cell, an immune cell (e.g., a T-cell, a
B-cell, a macrophage, a neutrophil, a basophil, a mast cell, an eosinophil), a stem cell,
etc. In some cases, the cell may be a genetically engineered cell.

The reactor chamber can, in some embodiments, be configured to contain
(and/or, can contain during operation of the reactor) a volume of liquid medium equal to
or less than about 50 milliliters, equal to or less than about 10 milliliters, or equal to or
less than about 2 milliliters (and/or, in certain embodiments, equal to or greater than 10
microliters, equal to or greater than 100 microliters, or equal to or greater than 1
milliliter). In certain embodiments, the reactor chamber has an aspect ratio of less than
about 10 (or less than about 8, such as between about 5 and about 8), as measured by
dividing the largest cross sectional dimension of the chamber by the smallest cross-
sectional dimension of the chamber.

The following example is intended to illustrate certain embodiments of the

present invention, but does not exemplify the full scope of the invention.
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EXAMPLE

This example describes the design and operation of a reactor system integrating
inventive humidity control methods.

In many bioreactor systems, problems surface when the micro-bioreactor is used
for long-term cultures (10-14 days). For instance, for long term cultures, evaporation
becomes a much larger problem. Evaporation can cause relatively small reactors to lose
20% of the working liquid volume within the reactor per day, or more. Even after gas
inlet lines are humidified, evaporation of liquid medium out of the reactor can still be a
problem. Theoretically, if the air above the liquid medium in the reactor is humidified
and completely saturated at 37 °C, there should be no evaporation since the air above is
saturated with water vapor for the given pressure and temperature. However, even if air
is saturated at 80°C upon entering a gas inlet line, the air might not be saturated any
longer once it reaches the reactor chamber if the gas transport conduit is sufficiently
long.

Even when humidification it is often necessary to take measures to inhibit liquid
loss and prevent the culture from going into high osmolarity. For example, evaporation
compensation by injecting sterile water can be used for long term cultures. This can be
achieved, for example, by refilling the reactor chamber with sterile water (e.g., every few
hours). Such methods can work well for fixed working volume cultures, such as
chemostat cultures. However, for many other cultures, including certain CHO cultures,
the volume of the culture medium might be irregular throughout the culture due to
offline sampling and feeding. In such cultures, it can be very challenging (or impossible)
to implement closed loop correction for evaporation at all times, and generally, the
evaporation rate would need to be determined beforehand through a separate experiment.
Other methods of evaporation compensation are known, but most require the volume of
the micro-bioreactor to be kept constant throughout the culture.

On possible alternative method for closed loop evaporation compensation without
requiring the working volume to be kept constant would be to constantly weigh the local
humidifier and the water trap and compensate for any weight increase by injecting the
equivalent amount of water into the growth chamber.

In many CHO cultures, the slow mixing rate for culturing the CHO cells can
cause water to condense within the air lines, a problem that is not seen as much when air

flow is faster, as might be observed in many bacteria cultures. Condensation can be



10

15

20

25

30

WO 2014/066781 PCT/US2013/066845

- 16 -

especially problematic when remote humidifiers are used as shown in FIG. 4A due to the
long path that is unheated between the humidifier and the micro-bioreactor. The
problem can be further exacerbated when there are air resistance lines, such as air
resistance lines configured to reduce shear stress in the growth chamber. The viscosity
of water is two orders of magnitude higher than air and in the narrow resistance
channels. Accordingly, when water plugs the air channels, the flow rate of water is so
slow that the membrane does not deflect at all within the duration of the mixer
activation. Moreover, it is believed that more condensation occurs with the presence of
stainless steel parts (e.g., which might be present in a solenoid valve within the gas line)
are in contact with humidified air due the higher thermal conductivity of metal. Water
condensation on the solenoid valves, besides reducing the effectiveness of
humidification, also can cause failures of solenoid valves over time.

A new humidification strategy is illustrated in the schematic illustration of
FIG. 4B. The new strategy employs a local humidifier (e.g., set at 45 °C) and a water
trap (e.g., set at 25 °C). This configuration prevents the humidified air from ever coming
into contact with the solenoid valves, which will ensure a longer lifetime of the valves.
Also, in this configuration, the resistance lines are placed before the humidifier and after
the water trap; accordingly, only dry air passes through the resistance lines to prevent
any potential clogging of the resistance lines with condensed water. While the air in the
humidifier will equilibrate for a shorter period of time (relative to the amount of time it
would have to equilibrate when placed at the beginning of the air lines), it is believed
that direct water injections into the growth chamber will be sufficient to compensate for
the lost liquid. Also, the additional water trap can act as a hydraulic equivalent of a
capacitor on the mixer resistance, allowing the membrane deflection time to be increased
since a high capacitance can increase the time constant of the deflection. This means that
the resistance channels can be made wider and if there is any residual water in the
channel, the droplet will be able to move faster in a wider channel. Moreover, the mixer
now has separate input and output gas lines to enable flushing of the lines in case any
part of the air lines get clogged. This flushing process will be performed periodically
through the experiments and runs through the bypass conduit on top of the mixers, as
shown in FIG. 4B.

In order to perform an open loop evaporation compensation, the evaporation rate

tfor the RECA Micro-bioreactor should be characterized prior to performing the cell
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culture experiment. The increase in concentration of green food dye injected into the
growth chamber is used as a parameter to calculate the evaporation rate. For this
measurement, an intensive variable measurement will be more accurate than an extensive
variable (e.g. volume or mass) measurement since the error is larger for an extensive
variable and the characterization will be heavily dependent on the experimental
procedure. Since the RECA Micro-bioreactor has an optical density (OD) sensor
integrated, using the OD sensor to measure the light scattered/absorbed from the green
dye is an accurate way to obtain the evaporation rate, a. The increase in dye

concentration as a function of time will follow the following relation:

CO =T me

where C(¢) is the concentration of the food dye as a function of time, C, is the initial
concentration of food dye and V is the volume of liquid in the growth chamber (2mL).
Since the evaporation rate is not expected to be very high, typically of the order of 1-10
ul/hr, the experiment is performed overnight (7-8 hours) to obtain a higher accuracy.
The measured evaporation rate with a local 45°C humidifier attached is 4.7 uL/hr. If this
evaporation is uncompensated, 75% of the volume of the micro-bioreactor will have
evaporated by the end of a 14 day experiment. This could significantly increase the
osmolarity of the medium and inhibit growth.

The strategies outlined above can be used with a new reactor design, referred to
in this example as the Resistive Evaporation Compensated Actuator (RECA) micro-
bioreactor, which is illustrated in FIG. 5. The reactor includes 5 reservoirs for injections,
including one containing sterile water for evaporation compensation. The other four
reservoirs can be used for Sodium Bicarbonate (NaHCO3) base injections, feed, and
other necessary supplements. Injection can be performed by a peristaltic pump actuated
through the PDMS membrane sequentially pushing a plug of fluid into the growth
chamber. In this example, the growth chamber has a volume of 2 milliliters. Uniform
mixing can be obtained by pushing fluids through small channels connecting the three
growth chambers, each having a volume of 1 milliliter. There is also a 10 microliter
reservoir for sampling located after the growth chamber. The sampling can be performed
via peristaltic pumping of 10 microliter plugs. Besides the connection to the growth
chamber, the sample reservoir is also connected via a channel to the sterile water line and

a clean air line. Air can be injected through the sample reservoir to eject any remaining
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sample into the sampling container (e.g. an Eppendorf tube), and water can be injected
after that to clean the sample reservoir and remove any cell culture or cells remaining.
Clean air can then be sent through the reservoir to dry the chambers so that there would
no water left to dilute the next sample. This process can be repeated after each sampling
step.

The connections from the RECA micro-bioreactor to the gas manifold are shown
in FIG. 6. All reservoir input valves can share the same gas line since it is unnecessary
to individually control each input valve. The reservoir pressure can be set to be 1.5 psi
(1.03x10° Pa), which is lower than that of the mixing pressure of 3 psi (2.06x10° Pa).
The reservoir pressure can be used to ensure that the input to the peristaltic pumps sees
the same pressure and is unaffected by external hydrostatic pressure to ensure consistent
pumping volume. The output of the reservoir, i.e. the injection valves, can be
individually controlled by separate gas lines because these are the valves that determine
which feed lines are being injected into the growth chamber. Next are the gas lines that
control the peristaltic pumps. The mixers can have a separate input and output line in
order to allow flushing of water condensation on the mixer lines, since the air coming
into the mixer can be humidified to reduce evaporation of the growth culture. The
growth chambers of the micro-bioreactor have large surface to volume ratios and hence,
the evaporation rates are generally larger than that for larger bioreactors. Moreover, all
three mixer gas lines can be designed to have the same resistance, to ensure an even
mixing rate in the 3 growth chambers. The mixer gas lines can be made wider than the
rest of the lines because the air is humidified, and any condensation might clog the lines
if the resistance is too high. The last air lines control the valves to the sampling port.
The sampling port consists of a 10 microliter sample reservoir and valves to control
sampling and automated cleaning of the sampling port. The holes in the top left corner
can be sealed with a polycarbonate cover and taped with double sided tape. The air lines
can be connected through a group of 20 barbs located on the left bottom corner of the
chip to the gas manifold.

A gas manifold can be used to connect the solenoid valves to the air lines of the
micro-bioreactor. The design of the gas manifold is shown in FIG. 7. The manifold in
this example has 3 layers. The barb connectors to the micro-bioreactor are situated in the
center of the top layer of the manifold. The middle layer routes the output of the

solenoid valves to the barb connectors that connects the manifold to the micro-
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bioreactor. The bottom layer routes the main air lines to the inputs of the solenoid

valves. Tables 1A-C lists all the valves with their numbers as shown in FIG. 7 and the

gas connections for easier referencing.

Table 1A for Valves 1-8

Valve | Name NO NC

1 Gas Mix 1 Gas Mix 2 (3 Psi) | Gas Mix 2 (3 Psi)

2 Reservoir Input Valve On (15 Psi) | Valve Off (Atm)

3 Injection 1 Valve On (15 Psi) | Valve Off (Atm)

4 Injection 2 Valve On (15 Psi) | Valve Off (Atm)

5 Injection 3 Valve On (15 Psi) | Valve Off (Atm)

6 Injection 4 Valve On (15 Psi) | Valve Off (Atm)

7 Injection 5 (water) | Valve On (15 Psi) | Valve Off (Atm)

8 Pump 1 Valve On (15 Psi) | Valve Off (Atm)
Table 1B for Valves 9-16

Valve | Name NO NC

9 Gas Mix 2 Nitrogen (3 Psi) | Oxygen (3 Psi)

10 Pump 2 Valve Off (Atm) | Valve On (15 Psi)

11 Pump 3 Valve On (15 Psi) | Valve Off (Atm)

12 Sample Reservoir | Valve On (15 Psi) | Valve Off (Atm)

13 Sample In Valve On (15 Psi) | Valve Off (Atm)

14 Sample Out Valve On (15 Psi) | Valve Off (Atm)

15 Sample Air In Valve On (15 Psi) | Valve Off (Atm)

16 Gas Mix 3 Nitrogen (3 Psi) CO, (3 Psi)
Table 1C for Valves 17-24

Valve | Name NO NC

17 Mixer Bottom Out | Mixer Off (Atm) | Blocked
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18 Mixer Bottom In | Blocked Mixer On (3 Psi)

19 Mixer Left Out Mixer Off (Atm) | Blocked

20 Mixer Left In Blocked Mixer On (3 Psi)

21 Mixer Top Out Mixer Off (Atm) | Blocked

22 Mixer Top In Blocked Mixer On (3 Psi)

23 Reservoir Pressure | Res. Off (Atm) | Res. On (1.5 Psi)

24 Gas Mix 4 Available Available

In Tables 1A-1C, NO stands for Normally Open and NC stands for Normally Closed.
The selection of which gas lines is normally open or normally closed can be selected to
be the most common state of the valve, so that more often than not, the valve is inactive,
to save energy consumption. In particular, Valve 10 (Pump 2) can be set to 'off’
normally while all the rest of the valves are set to ‘on' normally. There are also 4 gas
mixer solenoid valves besides the solenoid valves needed for mixing and valving on the
micro-bioreactor. Control of carbon dioxide (CO,) gas concentration vs. nitrogen (N3)
gas can be achieved by changing the duty cycle of Gas Mix 3 solenoid valve. Oxygen
(O,) gas concentration can be controlled via Gas Mix 2 via the same strategy. Then the
two outputs can be mixed together in a 50-50 duty cycle using Gas Mix 1. Gas Mix 4 is
available for use if any extra valving is needed.

The complete setup is shown in FIG. 8. A laptop can be used to control a Field-
programmable Gate Array (FPGA) board, which can control the solenoid boards, the
heater board, and photo-detector board. Air lines can be connected to a pressure
regulator before being connected to the gas manifold. From the gas manifold, the valve
lines can be connected directly to the micro-bioreactor. The mixer in lines are connected
first through an air resistance line, followed by a 45 °C local humidifier before reaching
the micro-bioreactor. The mixer out lines from the micro-bioreactor are connected to the
water trap, then to the air resistance lines and then only to the gas manifold.

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results and/or

one or more of the advantages described herein, and each of such variations and/or
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modifications is deemed to be within the scope of the present invention. More generally,
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the teachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced otherwise than as specifically
described and claimed. The present invention is directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not
mutually inconsistent, is included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both™ of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases. Other
elements may optionally be present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those elements specifically identified
unless clearly indicated to the contrary. Thus, as a non-limiting example, a reference to
“A and/or B,” when used in conjunction with open-ended language such as “comprising”
can refer, in one embodiment, to A without B (optionally including elements other than
B); in another embodiment, to B without A (optionally including elements other than A);
in yet another embodiment, to both A and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood
to have the same meaning as “and/or” as defined above. For example, when separating
items in a list, “or’”” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion
of at least one, but also including more than one, of a number or list of elements, and,

optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
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as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or list of elements. In general,
the term “or”” as used herein shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but not both”) when preceded by terms of exclusivity, such as

2% <

“either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when
used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B”’) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other
elements); etc.

In the claims, as well as in the specification above, all transitional phrases such as

29 Cel

“comprising,” “including,

2% < 2% << 29 CCl

carrying,” “having,” “containing,” “involving,” “holding,”
and the like are to be understood to be open-ended, i.e., to mean including but not limited
to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be
closed or semi-closed transitional phrases, respectively, as set forth in the United States
Patent Office Manual of Patent Examining Procedures, Section 2111.03.

What is claimed is:
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CLAIMS

1. A reactor system, comprising:

a reactor chamber;

a reactor chamber gas inlet conduit configured to transport gas into the reactor
chamber through a reactor chamber gas inlet;

a flow control mechanism configured to regulate the flow of gas through the
reactor chamber gas inlet conduit at a rate of equal to or less than about 1 milliliter per
second; and

a humidifier configured to humidify the gas transported through the reactor
chamber gas inlet conduit, the humidifier positioned between the flow control

mechanism and the reactor chamber gas inlet.

2. A reactor system, comprising:

a reactor chamber;

a reactor chamber gas outlet conduit configured to transport gas out of the reactor
chamber through a reactor chamber gas outlet;

a flow control mechanism configured to regulate the flow of gas through the
reactor chamber gas outlet conduit at a rate of equal to or less than about 1 milliliter per
second; and

a liquid trap configured to remove liquid vapor from the gas within the reactor
chamber gas outlet conduit, the liquid trap positioned between the flow control

mechanism and the reactor chamber gas outlet.

3. The reactor system of claim 2, comprising:

a reactor chamber gas inlet conduit configured to transport gas into the reactor
chamber, and

a humidifier configured to humidify the gas transported through the reactor

chamber gas inlet conduit.

4. The reactor system of claim 3, comprising an inlet flow control mechanism
configured to regulate the flow of gas through the reactor chamber gas inlet conduit at a

rate of equal to or less than about 1 milliliter per second.
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5. The reactor system of claim 4, wherein the humidifier is positioned between the

inlet flow control mechanism and the reactor chamber gas inlet.

6. The reactor system of any one of claims 1-5, wherein the reactor chamber

contains a liquid and at least one biological cell.

7. The reactor system of claim 6, wherein the biological cell is a eukaryotic cell.
8. The reactor system of claim 7, wherein the biological cell is a mammalian cell.
0. The reactor system of claim 8, wherein the mammalian cell is selected from the

group consisting of primate cells, bovine cells, horse cells, porcine cells, goat cells, dog

cells, cat cells, rodent cells, human cells, and a hamster cells.

10. The reactor system of claim 9, wherein the mammalian cell is a Chinese hamster
ovary (CHO) cell.
11. The reactor system of any one of claims 7-9, wherein the biological cell is a

cardiac cell, a fibroblast, a keratinocyte, a hepatocyte, a chondrocyte, a neural cell, a

osteocyte, a muscle cell, a blood cell, an endothelial cell, an immune cell, or a stem cell.

12. The reactor system of any one of claims 1-11, wherein the reactor chamber has a

volume of less than or equal to about 50 milliliters.

13. The reactor system of any one of claims 1-12, wherein the gas comprises carbon

dioxide and/or oxygen.

14. The reactor system of any one of claims 1 and 3-13, wherein the humidifier
comprises a vessel including a first liquid having a temperature at least about 1°C higher

than the temperature of the liquid phase.
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15. The reactor system of any one of claims 2-14, wherein the liquid trap comprises a
vessel including a second liquid having a temperature at least about 1°C lower than the

temperature of the liquid phase.

16. The reactor system of any one of claims 1-15, wherein the flow control

mechanism comprises a gas supply conduit comprising a constriction.

17. The reactor system of claim 16, wherein a cross-sectional dimension of the gas
supply conduit within the constriction is at least about 10% smaller than cross-sectional
dimensions of the gas supply conduit at locations upstream and downstream of the

constriction.

18. The reactor system of any one of claims 1-17, wherein the flow control

mechanism comprises a pressure regulator.

19. The reactor system of any one of claims 1, 3-4, and 6-18, wherein the humidifier

is positioned upstream of the flow control mechanism.

20. The reactor system of any one of claims 2-19, wherein the liquid trap is

positioned upstream of the flow control mechanism.

21. The reactor system of any one of claims 1-20, wherein the reactor chamber is
configured to contain a volume of the liquid medium that is equal to or less than about 50

milliliters and equal to or greater than 10 microliters.

22. A reactor system, comprising:
a reactor chamber, comprising:
a liquid sub-chamber configured to contain a liquid growth medium
including at least one biological cell;
a gas sub-chamber configured to contain a gaseous headspace above the
liquid growth medium; and
a gas-permeable flexible membrane separating the liquid sub-chamber

from the gas sub-chamber;
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a gas inlet conduit configured to transport gas into the gas sub-chamber;
a gas outlet conduit configured to transport gas out of the gas sub-chamber; and
a gas bypass conduit external to the reactor chamber, connecting the gas inlet

conduit to the gas outlet conduit.

23. The reactor system of claim 22, comprising a humidifier configured to humidify
the gas transported through a reactor chamber gas inlet conduit configured to transport

gas into the reactor chamber through a reactor chamber gas inlet.

24. The reactor system of claim 23, comprising an inlet flow control mechanism
configured to regulate the flow of gas through the reactor chamber gas inlet conduit at a

rate of equal to or less than about 1 milliliter per second.

25. The reactor system of claim 24, wherein the humidifier is positioned between the

inlet flow control mechanism and the reactor chamber gas inlet.

26. The reactor system of any one of claims 22-25, comprising a liquid trap
configured to remove liquid vapor from the gas within a reactor chamber gas outlet
conduit configured to transport gas out of the reactor chamber through a reactor chamber

gas outlet.

27. The reactor system of claim 26, comprising an outlet flow control mechanism
configured to regulate the flow of gas through the reactor chamber gas outlet conduit at a

rate of equal to or less than about 1 milliliter per second.

28. The reactor system of claim 27, wherein the liquid trap is positioned between the

flow control mechanism and the reactor chamber gas outlet.

29. The reactor system of any one of claims 22-28, wherein the reactor chamber has a

volume of less than or equal to about 50 milliliters.

30. The reactor system of any one of claims 22-29, wherein the gas-permeable

flexible membrane is permeable to carbon dioxide and/or oxygen gas.
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31.  The reactor system of any one of claims 22-30, wherein the reactor chamber is
configured to contain a volume of the liquid medium that is equal to or less than about 50

milliliters and equal to or greater than 10 microliters.

32. The reactor system of any one of claims 22-31, wherein the cell is a eukaryotic
cell.

33. The reactor system of claim 32, wherein the eukaryotic cell is an animal cell.

34. The reactor system of claim 33, wherein the animal cell is a mammalian cell.

35. The reactor system of claim 34, wherein the mammalian cell is a Chinese hamster
ovary (CHO) cell.

36. A method of operating a reactor, comprising:

providing a reactor chamber, comprising:
a liquid sub-chamber configured to contain a liquid growth medium
including at least one biological cell;
a gas sub-chamber configured to contain a gaseous headspace above the
liquid growth medium; and
a flexible membrane separating the liquid sub-chamber from the gas sub-
chamber;
transporting a gas from a gas source through a gas inlet conduit to the gas sub-
chamber to deform the gas-permeable flexible membrane such that liquid is at least
partially removed from the liquid sub-chamber;
reducing the supply of the gas to the gas sub-chamber such that the flexible
membrane returns toward its original position;
transporting gas from the gas source through a gas bypass connected to the gas
inlet conduit and external to the reactor chamber to remove liquid from the gas inlet

conduit; and
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supplying gas from the gas source to the gas sub-chamber at least a second time

to deform the gas-permeable flexible membrane such that liquid is at least partially

evacuated from the liquid sub-chamber.

37.

The method of claim 36, wherein the reactor chamber contains a volume of the

liquid medium that is equal to or less than about 50 milliliters and equal to or greater

than 10 microliters.

38.

39.

40.

41.

The method of any one of claims 36-37, wherein the cell is a eukaryotic cell.

The method of claim 38, wherein the eukaryotic cell is an animal cell.

The method of claim 39, wherein the animal cell is a mammalian cell.

The method of claim 40, wherein the mammalian cell is a Chinese hamster ovary

(CHO) cell.



