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BIO-ASSESSMENT DEVICE AND METHOD
OF MAKING THE DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is the U.S. National Stage of Interna-
tional Application No. PCT/US2015/052039, filed on Sep.
24,2015, which was published in English under PCT Article
21(2), which in turn claims the benefit of U.S. Provisional
Application No. 62/054,843, filed Sep. 24, 2014; U.S. Pro-
visional Application No. 62/160,510, filed May 12, 2015;
and U.S. Provisional Application No. 62/212,268, filed Aug.
31, 2015, all of which are incorporated herein by reference
in their entirety.

ACKNOWLEDGMENT OF GOVERNMENT
SUPPORT

This invention was made with government support under
Contract No. DE-ACS52-06NA25396, awarded by the U.S.
Department of Energy; and grant number R-00284-12-0,
awarded by the Defense Threat Reduction Agency (DTRA).
The government has certain rights in the invention.

FIELD

The present disclosure concerns embodiments of a device,
which can be used to mimic lung function for testing and
biological analysis.

BACKGROUND

Coupled systems of in vitro microfabricated organs-on-
a-chip containing small populations of human cells are being
developed to address the pharmacological and physiological
gaps between monolayer cell cultures, animal models, and
humans. These gaps present challenges not only in tissue
and microfluidic engineering, but also in systems biology.
For example, it must be determined how to model, test, and
learn about the communication and control of biological
systems at the scale of individual organs on chips. Allomet-
ric scaling provides some guidance, but appropriate bio-
chemical and functional scaling of multiple organs and a
universal cell-culture medium are also important to proper
systems function and valid pharmacological interpretation.

Organ-on-a-chip technologies have advanced consider-
ably in the past decade; however, understanding of biologi-
cal scaling laws and how they apply to multiple, coupled
organ devices has been largely ignored. To replicate human
physiology and drug response with interconnected human
organs-on-a-chip and larger human-like organ devices, each
construct should have the correct relative size. Extensive
literature describes differences in organ size between animal
species whose body mass, M, spans 6 orders of magnitude.
Organ size does not scale proportionally (isometrically) with
M, but instead obeys a number of different allometric power
laws that describe, for example, how as the animal’s linear
dimension L increases, its mass increases as L>, and hence
the cross-sectional area of the bones must increase out of
linear proportion. Metabolic rates scale as M**, blood
circulation time scales as M, and pulmonary and vascular
networks exhibit M scaling (West et al., Science 276:122,
1997).

As organ devices are made smaller, scaling will ultimately
fail, since individual cells have a fixed size, and immune
cells, for example, function in isolation and at low densities.
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It is difficult to replicate the diameter of microcapillaries in
tissue. The circulating volume of perfusate of an organ
construct system must match organ size, lest metabolites,
hormones, and paracrine signals be diluted to the point that
each organ operates in a large reservoir independent of the
other organs. Cellular heterogeneity, important to cellular
signaling pathways in vivo, can be hard to maintain for long
times in vitro. A universal media/blood surrogate is also
needed to maintain multiple cell types, since most human
cells are grown in media specific to the cell type and desired
phenotype. Furthermore, devices should be mechanically
and/or fluidly coupled and include sensing devices that can
be used to evaluate the effects of compounds as they pass
through each device.

The lung serves several physiological functions, and
while its primary function is to enable optimal gas exchange,
it is also involved in metabolic and immunological regula-
tion. This functional complexity is reflected in its unique
architecture that, to date has been difficult to simulate. A
primary challenge in simulating the lung is the development
of a scaffold that supports tissue growth while also simu-
lating the structural characteristics of the lung. Although
advances have been made in the art, the final goal of
engineering and forming an in vitro lung organ mimic has
not yet been realized.

Several limitations to traditional lung organ platforms
include, but are not limited to, the inability to simulate the
orientation or expansion of alveoli, the inability to develop
a comprehensive lung organ platform (e.g., rather than just
a small scale alveolar unit), the inability to incorporate
pulmonary cells and microvascular cells into the device, the
inability to temporarily support in vitro pulmonary gas
exchange, the inability to restore pulmonary function for
suitable periods of time (e.g., after implantation into an
animal), uneven cell differentiation, poor vascular endothe-
lial coverage efficiency, inefficient transport of dissolved
oxygen and nutrients through the interior of organ tissue,
and circulation leakage. Additionally, current approaches for
determining drug toxicity in the art have only been tested on
animal models, and data derived from human cell-based
pulmonary organ is extremely limited.

Another challenge in the development of the lung organ
is the differentiation of cells into the correct population
dynamics to emulate lung diversity. Current techniques used
in the art to achieve this goal produce low yields of pulmo-
nary cells on three-dimensional (3D) synthetic scaffolds and
also lack functional assembly of alveolar-like structures.

SUMMARY

A need exists in the art for a device that can more
accurately mimic lung function and also provide an envi-
ronment similar to that of a lung for test purposes, such as
for drug toxicology screening, disease modeling, and the
like. Disclosed herein are devices that can more accurately
mimic lung function and also provide an environment simi-
lar to that of a lung for test purposes, such as for drug
toxicology screening, disease modeling, and the like. In
some embodiments, the device comprises a bronchiolar
device and at least one alveolar device, wherein the bron-
chiolar device and the at least one alveolar device are fluidly
coupled together.

In some embodiments, the lung organ device comprises a
first substrate comprising a first plurality of channels and a
second substrate comprising a second plurality of channels,
wherein the first plurality of channels and the second plu-
rality of channels are fluidly coupled, and further comprising



US 10,634,665 B2

3

a bronchiolar membrane positioned between the first sub-
strate and the second substrate; and at least one alveolar
device, wherein the bronchiolar device and the at least one
alveolar device are fluidly coupled together.

In any or all of the above embodiments, the bronchiolar
device comprises the following components: a first substrate
configured to comprise a first inlet; a second inlet; at least
one channel fluidly coupled to the first inlet; a first outlet
fluidly coupled to the first inlet; a second outlet fluidly
coupled to the second inlet; at least two fluid ports; and at
least one channel fluidly coupled to one of the at least two
fluid ports.

In any or all of the above embodiments, the bronchiolar
device can further comprise a second substrate configured to
comprise the following components: a first port fluidly
coupled to the first inlet of the first substrate through at least
one port of the first substrate; a second fluid port fluidly
coupled to the second inlet of the first substrate; at least one
channel fluidly coupled to the second fluid port; a third fluid
port fluidly coupled to the first outlet of the first substrate;
and a fourth fluid port fluidly coupled to the second outlet of
the first substrate.

In some embodiments, the bronchiolar device can com-
prise a tube platform comprising at least one hollow tube
fluidly coupled to the first inlet and at least one fluid port of
the first substrate rather than a bronchiolar membrane. In any
or all of the above embodiments, the first substrate com-
prises a first fluid port and a second fluid port. In any or all
of the above embodiments, the first substrate can further
comprise an incubation chamber fluidly coupled to the
second inlet and the second fluid port. The second fluid port
is fluidly coupled to the at least one channel fluidly coupled
to the first inlet. In any or all of the above embodiments, the
first substrate is positioned on top of the bronchiolar mem-
brane and the second substrate is placed below the bron-
chiolar membrane. In any or all of the above embodiments,
the membrane comprises a porous material, such as poly-
L-lactic acid. In any or all of the above embodiments, the
bronchiolar membrane can comprise an endothelial side that
is or can be associated with endothelial cells and an epithe-
lial side that is or can be associated with epithelial cells. In
any or all of the above embodiments, the endothelial cells
can be lung microvascular endothelial cells selected from
HLMVE cells and wherein the epithelial cells are selected
from BEAS-2B bronchial epithelial cells. In any or all of the
above embodiments, the bronchiolar membrane includes a
plurality of fluid ports that align with one or more of the at
least two fluid ports of the first substrate of the bronchiolar
device.

In some embodiments, the bronchiolar device comprises
a first plurality of channels in the first substrate that are
arranged in a branching configuration. In some embodi-
ments, the bronchiolar device comprises a second plurality
of channels in the second substrate that are arranged in a
branching configuration.

In some embodiments using a tube platform, the hollow
tubes of the tube platform comprise a central lumen having
a diameter of 0.6 mm to 1 mm and an elongated body having
an outer diameter ranging from 1 mm to 1.2 mm. The hollow
tubes also comprise one or more pores capable of allowing
fluids, or components contained therein, to pass between the
central lumen and an environment exterior to the elongated
body. In any or all of the above embodiments, the central
lumen is associated with a first population of cells and the
elongated body is associated with a second population of
cells. The first population of cells and the second population
of cells are different in some embodiments. In particular
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disclosed embodiments, the first population of cells com-
prises bronchial epithelial cells and the second population of
cells comprises lung microvascular endothelial cells.

The alveolar device can comprise a fluid-compatible
component comprising a plurality of substrates coupled
together, a first fluid inlet fluidly coupled to the first inlet of
the first substrate, and a first fluid outlet fluidly coupled to
the first outlet of the first substrate; a medium-compatible
component comprising a plurality of substrates coupled
together, a second fluid inlet fluidly coupled to the second
inlet of the first substrate, and a second fluid outlet fluidly
coupled to the second outlet of the first substrate; and a
alveolar membrane component positioned between and flu-
idly coupled to the fluid-compatible component and the
medium-compatible component, wherein the alveolar mem-
brane component comprises a membrane material coupled to
a substrate comprising a plurality of apertures. In some
embodiments, the plurality of substrates of the fluid-com-
patible component and the medium-compatible component
comprises substrates comprising one or more channels. Each
of the one or more channels can be microchannels or
nanochannels. In some embodiments, the membrane mate-
rial of the alveolar membrane component is selected to
resiliently deform and reform and can be a material that
allows gas exchange between the fluid-compatible compo-
nent and the medium-compatible component. In particular
disclosed embodiments, the membrane material comprises
poly-L-lactic acid or a polydimethylsiloxane.

In some embodiments, one side of the alveolar membrane
material is associated with a first population of cells and the
other side of the membrane material is associated with a
second population of cells. The first population of cells is
associated with a side of the membrane material that is
fluidly coupled with the fluid-compatible component and the
second population of cells is associated with a side of the
membrane material that is fluidly coupled with the medium-
compatible component. For example, the first population of
cells can comprise immune responsive cells, surfactant-
producing cells, or a combination thereof and the second
population of cells can comprise pulmonary microvascular
cells. In exemplary embodiments, the first population of
cells comprises AT1 cells, AT2 cells, or a combination
thereof and the second population of cells comprises human
lung microvascular endothelial cells, human lung smooth
muscle cells, human lung fibroblast cells, monocytes, den-
dritic cells, or a combination thereof.

Also disclosed herein are embodiments of a platform
device, comprising an air source fluidly coupled to a lung
organ device as described herein; an organ perfusion system
in fluid communication with a fresh media circuit (e.g., an
arterial system) and a recirculation circuit (e.g., a venous
system), wherein the fresh media circuit is fluidly coupled to
the device and the recirculation circuit is fluidly coupled to
the lung organ device; one or more rotary peristaltic pumps
capable of pumping fluid to one or more rotary planar
valves; a perfusion controller in communication with the
organ perfusion system; and optionally an analyzer, a sensor,
or a combination thereof in communication with the perfu-
sion controller.

In some embodiments, the platform device further com-
prises a heart device, a liver device, a kidney device, or a
combination thereof. In any or all of the above embodi-
ments, the heart device comprises a single heart device or a
right heart device and a left heart device. In any or all of the
above embodiments, the lung organ device is serially and
fluidly coupled to the heart device. In any or all of the above
embodiments, the lung organ device is positioned serially
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between the left heart device and the right heart device. In
any or all of the above embodiments, the fresh media circuit
and the recirculation circuit are fluidly coupled to the heart
device, the liver device, the kidney device, or a combination
thereof. In any or all of the above embodiments, the platform
device can further comprise one or more microformulators
fluidly coupled to the fresh media circuit and the recircula-
tion circuit. In any or all of the above embodiments, the
microformulator is a missing organ microformulator, a gut
microformulator, or a combination thereof. In some embodi-
ments, the gut microformulator is fluidly coupled to the fresh
media circuit directly and is fluidly coupled to the recircu-
lation circuit indirectly through the liver device. In any or all
of the above embodiments, the platform device comprises
one or more multichannel potentiostats.

Also disclosed herein are embodiments of a method
comprising introducing a compound, or composition
thereof, into a device as disclosed herein and analyzing a
response generated by the device after the compound, or
composition thereof, has been introduced into the device. In
some embodiments, the compound, or composition contain-
ing a compound, is introduced into a bronchiolar device of
the device, wherein the bronchiolar device is fluidly coupled
to an alveolar device. In some embodiments, analyzing the
response generated by the lung organ device comprises
determining whether fluid leakage occurs in the device. In
other embodiments, analyzing the response generated by the
device comprises detecting an immune response produced
by one or more cell populations associated with the mem-
brane or hollow tube of the device. The method embodi-
ments disclosed herein also can further comprise extracting
a sample from the device and the extracted sample is
analyzed to determine the presence or amount of at least one
compound in some embodiments. The sample can be a fluid
that passes through the bronchiolar device, the alveolar
device, or both. The sample also can be a cell sample or a
tissue sample from the device. In another embodiment, the
method further comprises introducing the sample into a
chromatograph, a mass spectrometer, or a combination
thereof to detect the compounds within the sample.

The foregoing and other objects, features, and advantages
of the disclosure will become more apparent from the
following detailed description, which proceeds with refer-
ence to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an exemplary embodiment of a lung
organ device comprising a plurality of alveolar devices in
combination with a single bronchiolar device.

FIG. 2 illustrates an exemplary embodiment of the lung
organ device of FIG. 1 and further illustrating an exemplary
reservoir platform used with the device.

FIG. 3 illustrates an exemplary embodiment of a lung
organ device wherein a branching bronchiolar device
embodiment is coupled to an alveolar device embodiment.

FIG. 4 shows a working example of an exemplary lung
organ device embodiment.

FIG. 5 is a graph of velocity (nm/s) versus wall shear stress
(Pa-s) illustrating velocity effects obtained from using
embodiments of the hollow tubes disclosed herein.

FIG. 6 is a graph of inner diameter (mm) versus wall shear
stress (Pa) illustrating inner diameter effects of hollow tube
embodiments disclosed herein.

FIG. 7 is a graph of liquid flow rate (uL./min) versus liquid
flux (uL/min) illustrating fluid flow characteristics of hollow
tube embodiments disclosed herein.
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FIG. 8 is a schematic diagram illustrating fluid flow
through a hollow tube embodiment and further illustrating
activity that can occur between fluid in the central lumen of
the hollow tube and fluid flowing past an elongated body of
the hollow tube.

FIGS. 9A-9H are images of exemplary cell populations
present on and within hollow tubes of a bronchiolar device
embodiment. FIG. 9A shows cell seeding (at 25x magnifi-
cation) on a basolateral side of a hollow tube using HLMVE
cells and live/dead staining; FIG. 9B shows the cells of FIG.
9A at 100x magnification; FIG. 9C shows cell seeding (at
25x magnification) on an apical side of a hollow tube using
BEAS-2B cells and live/dead staining; FIG. 9D shows the
cells of FIG. 9C at 100x magnification; FIG. 9E shows cell
cultures (after 6 days) of HLMVE cells on a basolateral side
of a hollow tube using nucleus staining; FIG. 9F shows cell
cultures (after 6 days) of HLMVE cells on a basolateral side
of a hollow tube using live/dead staining; FIG. 9G shows
cell cultures (after 6 days) of NHBE cells on an apical side
of a hollow tube using nucleus staining; and FIG. 9H shows
cell cultures (after 6 days) of NHBE cells on an apical side
of a hollow tube using live/dead staining.

FIGS. 10A-10D are morphological images of exemplary
tissue embodiments that were grown on bronchiolar device
embodiments disclosed herein; FIG. 10A shows NHBE cells
seeded on a transwell membrane using alcian blue staining;
FIG. 10B shows NHBE cells seeded on a transwell mem-
brane using p-tubulin staining; FIG. 10C shows NHBE cells
seeded on a transwell membrane using tight junction stain-
ing; and FIG. 10D NHBE cells seeded on a transwell
membrane using H&E staining.

FIG. 11 illustrates an exemplary bronchiolar device
embodiment comprising a tube platform.

FIG. 12 is an expanded cross-sectional view of the device
illustrated in FIG. 11 further illustrating a cross section of
exemplary hollow tubes used in a tube platform.

FIG. 13 shows an exemplary embodiment of a substrate
of a bronchiolar device comprising an incubation chamber
and inlets and outlets that can be used to deliver fluids to and
from the bronchiolar device.

FIG. 14 shows an exemplary embodiment of a substrate
of a bronchiolar device on an alignment stage wherein the
substrate comprises fluid ports and at least one channel that
can be fluidly coupled to the substrate shown in FIG. 13.

FIG. 15 shows an exemplary tube platform comprising a
plurality of parallel hollow tubes.

FIG. 16 shows an exemplary bronchiolar device made
using the components shown in FIGS. 13-15.

FIG. 17 shows the bronchiolar device of FIG. 16 and
further shows how a plurality of tube lines can be connected
to the inlets and outlets of the device to deliver fluids to and
from the device.

FIG. 18 illustrates an exemplary embodiment of a bron-
chiolar device comprising an alternative configuration of
inlets and outlets.

FIG. 19 illustrates the bronchiolar device illustrated in
FIG. 18 and further illustrates tube lines connected to
various inlets and outlets of the device as well as a plurality
of hollow tubes within an incubation chamber.

FIG. 20 illustrates a plurality of connecting tubes that can
be used to fluidly couple a bronchiolar device embodiment
to an alveolar device embodiment.

FIG. 21 illustrates another embodiment of a bronchiolar
device.

FIG. 22 is a top view of the bronchiolar device illustrated
in FIG. 21.
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FIG. 23 is a cross-sectional view of the bronchiolar device
illustrated in FIG. 22, taken along line A'-A".

FIG. 24 shows a working example of the bronchiolar
device illustrated in FIG. 21.

FIG. 25 illustrates an additional embodiment of a bron-
chiolar device.

FIG. 26 illustrates an exploded perspective view of the
bronchiolar device illustrated in FIG. 25.

FIG. 27 shows a working example of the bronchiolar
device illustrated in FIG. 25.

FIG. 28 illustrates an additional embodiment of a bron-
chiolar device similar to the device illustrated in FIG. 25 and
further comprising a plurality of hollow tubes within an
incubation chamber.

FIG. 29 shows a working example of the bronchiolar
device illustrated in FIG. 28.

FIG. 30 illustrates an embodiment of a bronchiolar device
comprising inlets and outlets that are positioned in a parallel
orientation.

FIG. 31 shows a working example of the bronchiolar
device illustrated in FIG. 30.

FIG. 32 shows another working example of the bronchio-
lar device illustrated in FIG. 30.

FIG. 33 show a working example of a bronchiolar device
similar to that illustrated in FIG. 30, but further comprising
a plurality of hollow tubes.

FIG. 34 illustrates another exemplary bronchiolar device
comprising a membrane component coupled to an air cham-
ber and a medium chamber.

FIG. 35 is a top view of the bronchiolar device illustrated
in FIG. 34.

FIG. 36 is a cross-sectional view of the bronchiolar device
taken along axis B-B, as illustrated in FIG. 35.

FIG. 37 shows a working example of the bronchiolar
device illustrated in FIG. 34.

FIG. 38 illustrates another example of a bronchiolar
device disclosed herein comprising a transwell portion and
a well portion comprising a membrane component.

FIG. 39 shows a working example of the well portion and
the transwell portion of the bronchiolar device illustrated in
FIG. 38.

FIG. 40 shows a working example of an assembled
bronchiolar device as illustrated in FIG. 38.

FIG. 41 illustrates an exemplary bronchiolar device com-
prising a fluid chamber and a medium chamber, and further
comprising a membrane component placed between the two
chambers.

FIG. 42 is a cross-sectional view taken along axis C-C of
the bronchiolar device illustrated in FIG. 41.

FIG. 43 shows a working example of the bronchiolar
device illustrated in FIG. 41.

FIG. 44 shows the working example of FIG. 43 further
comprising a plurality of tube lines connected to the chan-
nels formed in the bronchiolar device.

FIG. 45 illustrates another embodiment of a bronchiolar
device comprising inlets and outlets positioned on the same
end of the device.

FIG. 46 shows a working example of the device illustrated
in FIG. 45.

FIG. 47 shows a side view of the working example shown
in FIG. 46.

FIG. 48 illustrates an embodiment of a branching bron-
chiolar device.

FIG. 49 illustrates certain components of the branching
bronchiolar device illustrated in FIG. 48.

FIG. 50 shows a working embodiment of the branching
bronchiolar device illustrated in FIG. 48.
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FIG. 51 illustrates an embodiment of an alveolar device as
disclosed herein.

FIG. 52 is an exploded perspective view of the alveolar
device embodiment illustrated in FIG. 51, further illustrating
various components of the device.

FIG. 53 shows a top view of a working example of the
alveolar device illustrated in FIG. 51.

FIG. 54 shows a side view of the working example shown
in FIG. 53.

FIG. 55 illustrates another exemplary alveolar device.

FIG. 56 is a cross-sectional view taken along axis D-D of
the alveolar device illustrated in FIG. 55.

FIG. 57 show a working example of the bronchiolar
device illustrated in FIG. 55.

FIG. 58 show a working example of the bronchiolar
device illustrated in FIG. 55, wherein two fluid chambers are
provided.

FIGS. 59A-591 illustrate embodiments of substrates that
can be used to make a fluid-compatible component of an
alveolar device.

FIGS. 60A-60H illustrate embodiments of substrates that
can be used to make a medium-compatible component of an
alveolar device.

FIGS. 61A and 61B are schematic diagrams illustrating
the behavior of the membrane component of alveolar device
embodiments disclosed herein; FIG. 61A illustrates a mem-
brane material in a resting state and FIG. 61B illustrates the
membrane material as it is influenced by air delivered into
and out of the device.

FIGS. 62A-62D show embodiments of the membrane
component used in alveolar devices disclosed herein as air
forces the membrane to expand or inflate (FIGS. 62A and
62C) and as air is expelled and the membrane is allowed to
contract back to its resting state (FIGS. 62B and 62D).

FIG. 63 shows an exploded perspective view of an
exemplary alveolar device comprising a plurality of sub-
strates that forms the fluid-compatible component, a mem-
brane component, and a plurality of substrates that forms the
medium-compatible component.

FIG. 64 shows an exploded expanded view of the mem-
brane component shown in the device of FIG. 63.

FIG. 65 illustrates an exemplary embodiment of a con-
structed alveolar device.

FIG. 66 shows a working example of the alveolar device
illustrated in FIG. 65.

FIG. 67 illustrates another embodiment of a constructed
alveolar device comprising a plurality of alveolar compo-
nents.

FIG. 68 is a top perspective view of the device embodi-
ment illustrated in FIG. 67.

FIG. 69 is a side perspective view of the device embodi-
ment illustrated in FIG. 67 and further illustrates common
inlets and outlets connecting the plurality of alveolar com-
ponents.

FIG. 70 illustrates an exemplary substrate that can be used
to connect a plurality of alveolar components to a common
fluid inlet and outlet used to deliver a first fluid to and from
the alveolar device.

FIG. 71 illustrates an exemplary substrate that can be used
to connect a plurality of alveolar components to a common
fluid inlet and outlet used to deliver a second fluid to and
from the alveolar device.

FIG. 72 illustrates an exemplary configuration of a lung
organ device wherein a bronchiolar device is fluidly coupled
to an alveolar device comprising a plurality of alveolar
components.
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FIGS. 73A-73D show examples of cell populations that
can be grown on the membrane component of the alveolar
devices disclosed herein.

FIG. 74 illustrates the coupling of a branching bronchiolar
device with an alveolar device.

FIGS. 75A and 75B illustrate a constructed lung organ
device illustrating how the various components of the device
can be used to mimic the functions and geometry of a lung
organ.

FIG. 76 illustrates an exemplary method of making a
bronchiolar device.

FIG. 77 shows exemplary substrates used to make the
fluid-compatible and medium-compatible components of an
alveolar device.

FIGS. 78A-78H illustrate certain embodiments of the
progression of steps used to make an alveolar device.

FIG. 79 illustrates an embodiment of a fluid management
device that can be used with the lung organ device to control
delivery of fluids into and out of the device.

FIG. 80 illustrates an embodiment of a fluid management
device connected to a bronchiolar device of the lung organ
device and a holding stage that can be used with the device.

FIG. 81 shows a working example of the fluid manage-
ment device illustrated in FIG. 79.

FIG. 82 shows a working example of a bronchiolar device
that can be used with the fluid management device shown in
FIG. 81.

FIG. 83 shows a working example of a fluid management
device combined with a bronchiolar device.

FIGS. 84A-84G show images and data obtained from
growing an exemplary cell population within the central
lumen of a hollow tube embodiment; FIG. 84A is a graph of
seeding flow rate (mL/min) vs. cell number (cells); FIGS.
84B and 84C are digital images of cells grown on a hollow
tube after 1 day (FIG. 84B) and 3 days (FIG. 84C); FIGS.
84D and 84F are TEM images of cells grown on a hollow
tube after 1 day (FIG. 84D) and 3 days (FIG. 84E); FIGS.
84F and 84G are digital images of cells grown on a hollow
tube after 34 days.

FIG. 85 illustrates liquid flow between a porous hollow
tube central lumen and the surrounding environment.

FIG. 86 illustrates air flow between a porous hollow tube
central lumen and the surrounding environment.

FIGS. 87A-87E shows images of cells grown within a
central lumen of a hollow tube after a time period of 1 day
(FIG. 87A), 3 days (FIG. 87B), 14 days (FIG. 87C), and 18
days (FIG. 87D); FIG. 87E illustrates a central lumen prior
to cell culture.

FIG. 88 shows a membrane component of an alveolar
device after air has been introduced into the device.

FIGS. 89A and 89B show a portion of alveolar device
(FIG. 89A) and the plurality of apertures provided within the
device as dual inflation occurs (FIG. 89B).

FIGS. 90A and 90B show an embodiment of a membrane
component of an alveolar device in a resting state (FIG.
90A) and as it is inflated (FIG. 90B).

FIG. 91 illustrates an embodiment of an alveolar test
device.

FIG. 92 illustrates a top view of the alveolar test device
illustrated in FIG. 86.

FIGS. 93A and 93B are schematic illustrations of mem-
brane inflation (FIG. 93A) and deflation (FIG. 93B) that can
occur in an alveolar device.

FIGS. 94A-94D show cell populations grown on a mem-
brane material of an alveolar device embodiment.

FIGS. 95A-95D show drug toxicity results obtained from
using a bronchiolar device embodiment described herein;
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FIG. 95A is a graph of camptothecin concentration (WM) vs.
cytotoxicity (% LDH release) illustrating the cytotoxicity of
camptothecin as measured after having passed through the
bronchiolar device; FIGS. 95A-95D show images of fluo-
rescent microbead deposition on a central lumen associated
with cells.

FIG. 96 is a schematic diagram of a representative
embodiment of a platform device comprising a plurality of
bio-assessment devices.

FIG. 97 illustrates a representative embodiment of a
sampling configuration wherein an ion-mobility mass spec-
trometer is coupled to an online ultra performance liquid
chromatograph, which accepts a sample from a fluidic
platform device, which simply represents a bio-assessment
device as disclosed herein.

DETAILED DESCRIPTION
1. Introduction

Embodiments of an in vitro lung organ device (also
referred to as a lung bio-assessment device or a lung organ
bio-assessment device) are disclosed herein, as well as
methods of making and using the device. In some embodi-
ments, the in vitro lung organ device can be a human lung
organ bio-assessment device. In some embodiments, the
lung organ device is incorporated in a platform device
disclosed herein, such as a device including two or more
fluidly coupled bio-assessment devices, including a lung
bio-assessment device and at least one other organ device.
The disclosed device embodiments disclosed herein can at
least partially be used to replace expensive and time-con-
suming animal testing models for biomedical research, drug
discovery, and threat agent analysis (e.g., drug toxicology)
and thereby may reduce or even eliminate the need to
extrapolate from animal models to human response, which
often can be inaccurate.

A challenge to developing a lung organ construct (e.g., a
lung bio-assessment device) is to reconstitute physiologi-
cally realistic microenvironments that are capable of main-
taining cell differentiation and tissue-specific function. For
example, in tissue culture experiments, primary human
bronchiolar and alveolar epithelial cells do not differentiate
into respiratory epithelium when submerged in culture
medium. The disclosed lung bio-assessment devices, how-
ever, can overcome these limitations by integrating an
air-liquid interface using, for example, a biocompatible
material (e.g., porous hollow tubes, porous membranes,
and/or elastic membranes) to mimic the physiological com-
plexity associated with the lung bronchioles and alveoli. The
two phase flow system embodiments disclosed herein can
simulate a dynamic liquid layer at surfaces of the biocom-
patible materials (e.g., the surfaces of the hollow tubes (or
membranes) used in the bronchiolar devices disclosed
herein, and the apical side of membrane materials used in
alveolar devices disclosed herein) by alternatively changing
air and liquid flow rate. This capability can be harnessed to
develop well-differentiated bronchiolar and alveolar lung
tissue in the platform.

In some embodiments, the disclosed lung bio-assessment
devices comprise a design that is physiologically similar to
a lung, which can be fabricated using efficient methods,
thereby making the disclosed devices more compatible than
devices currently existing in the art. The disclosed devices
can be scaled for use in small-scale applications and large-
scale applications. Additionally, both bronchiolar and alveo-
lar devices can be joined together to provide a complete lung
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organ platform. In some embodiments, an air-liquid inter-
face can be integrated with the artificial lung bronchiole and
alveoli devices using biocompatible porous hollow tubes
and membrane components to mimic the physiological
complexity for the growth of the lung bronchiole and alveoli
devices.

Also disclosed herein are embodiments of a platform
device that is used to couple the lung organ device to other
bio-assessment devices mimicking other organs, such as a
kidney, liver, heart, or the like. The platform device com-
prises a plurality of components that help facilitate fluid
communication between each bio-assessment device and
that can be used to deliver and monitor various drugs and/or
toxins as they pass through each bio-assessment device
thereby providing the ability to evaluate the efficacy of new
drugs and/or the deleterious effects of toxins on the organs.

The following explanations of terms are provided to better
describe the present disclosure and to guide those of ordi-
nary skill in the art in the practice of the present disclosure.
As used herein, “comprising” means “including” and the
singular forms “a” or “an” or “the” include plural references
unless the context clearly dictates otherwise. The term “or”
refers to a single element of stated alternative elements or a
combination of two or more elements, unless the context
clearly indicates otherwise. All references cited herein are
incorporated by reference in their entirety.

Unless explained otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood to one of ordinary skill in the art to which this
disclosure belongs. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of the present disclosure, suitable meth-
ods and materials are described below. The materials, meth-
ods, and examples are illustrative only and not intended to
be limiting, unless otherwise indicated. Other features of the
disclosure are apparent from the following detailed descrip-
tion and the claims.

Unless otherwise indicated, all numbers expressing quan-
tities of components, molecular weights, percentages, tem-
peratures, times, and so forth, as used in the specification or
claims are to be understood as being modified by the term
“about.” Accordingly, unless otherwise indicated, implicitly
or explicitly, the numerical parameters set forth are approxi-
mations that can depend on the desired properties sought
and/or limits of detection under standard test conditions/
methods. When directly and explicitly distinguishing
embodiments from discussed prior art, the embodiment
numbers are not approximates unless the word “about™ is
recited. Furthermore, not all alternatives recited herein are
equivalents.

II. Lung Bio-Assessment Devices

Disclosed herein are embodiments of devices that can be
used to mimic an in vivo lung organ (such as a human or
other animal lung). In particular disclosed embodiments, the
device can be an in vitro fluidic device (e.g., a microfluidic
device) through which one or more types of fluid can flow.
In particular disclosed embodiments, the device includes a
bronchiolar device, an alveolar device, and combinations
thereof, and can further include additional components that
facilitate coupling and uses of these components. The bron-
chiolar device and the alveolar device can be assembled
together to form a lung organ construct that simulates the
function of a lung (such as a human or other animal lung
organ). In particular disclosed embodiments, the device is
capable of supporting growth, cultivation, differentiation,
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and/or function of one or more types of cells and/or tissue.
In some embodiments, the lung organ devices disclosed
herein can comprise a means for performing a bronchiolar
function and a means for performing an alveolar function,
wherein the means for performing a bronchiolar function is
fluidly coupled to the means for performing an alveolar
function.

The lung organ devices disclosed herein more accurately
(that is, provide a response similar to that produced by a live
lung organ) represent organ level responses, normal physi-
ological activity (e.g., dynamic process of gas-exchange),
and innate and adaptive immune responses as compared to
devices previously used in the art or animal models used to
assess such responses or activity.

The device embodiments disclosed herein are useful for
toxicity testing of pharmaceutical compounds, disease state
analysis, and other biomedical applications. Device embodi-
ments disclosed herein therefore can in some instances be
used to replace traditional devices used in the art and/or
animal models typically relied on for in vitro and/or in vivo
assays. The disclosed devices also provide benefits in com-
parison to other devices or lung models traditionally used in
the art, such as low sample volume usage, fast response
time, flexible design, the ability to integrate the device with
other devices that mimic other parts of the a mammal’s (e.g.,
a human’s) anatomy, the ability to grow three-dimensional
cultures, and the ability to create cellular microenviron-
ments. Exemplary embodiments of the lung organ devices
are illustrated in FIGS. 1-4 and are further described herein.

A. Bronchiole Devices

Disclosed herein are embodiments of a bronchiole device
component that can be used in lung organ devices (e.g., in
combination with an alveolar device component, such as
those described herein). The bronchiole device component
can be used to provide a biomimetic system that mimics lung
function, particularly functions associated with bronchioles.
For example, embodiments of the disclosed bronchiole
device component can be used to mimic a bronchiole airway
system of a lung to test for toxicity and/or efficacy of
particular drugs, as well as to investigate various diseases,
such as pulmonary disease.

Disclosed embodiments of the bronchiole device include
cells, for example, cells that are grown, maintained, differ-
entiated, and/or regenerated into tissue on the bronchiole
device. In some embodiments, cells can be grown to form
tissue that has a branched structure that mimics the shape
and geometry of bronchioles of a lung in vivo. The bron-
chiole device embodiments also can be used in the disclosed
lung organ device to provide a biological environment that
mimics the bronchiole environment of a lung in vivo, such
as by providing cells that can produce mucin and/or cells
with cilia.

Some embodiments of the disclosed bronchiolar devices
include a plurality of substrates, which are understood
herein to refer to a surface having a top face and a bottom
face and can include one or more channels, fluid ports,
inlets, outlets, or chambers. The substrates can be made of
any suitable polymeric material capable of being fabricated
to include the particular components of the bronchiolar
device, such as channels, inlets, outlets, and chambers. In
particular disclosed embodiments, the substrates include a
polymer material, such as polydimethylsiloxane (PDMS),
and/or acrylic or polycarbonate materials. Each substrate
can be made of the same or different material as each other
substrates used in the device.

In some embodiments of the bronchiolar device, two or
more substrates can be used. Exemplary embodiments
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include two substrates; however, more than two substrates
(such as 3, 4, 5, or more substrates) can be used. In some
embodiments, at least one substrate can be configured to
include one or more inlets, outlets, ports, or a combination
thereof that can be used to deliver or remove one or more
fluids to the device. At least one of the substrates also
includes an incubation chamber that can be fluidly coupled
to the one or more inlets, outlets, fluid ports, or a combina-
tion thereof.

The term “incubation chamber,” as used herein, is under-
stood to encompass an opening or channel formed within a
substrate that is fabricated to have dimensions ranging from
3 mm to 20 mm wide, 10 mm to 30 mm long, and 3 mm to
10 mm deep and is capable of accepting and containing a
fluid within its boundaries. In some embodiments, however,
the dimension of the chamber can be increased or decreased
depending on the required application. The term “inlet,” as
used herein, refers to an opening in a substrate, or a
connector attached to a substrate, that is used to introduce a
fluid into any one or more of the devices disclosed herein.
In some embodiments, the inlet may be a separate connector
component that is coupled to an opening in a top or bottom
substrate. The term “outlet,” as used herein, refers to an
opening in a substrate, or a connector attached to a substrate,
that is used to expel or remove a fluid from any one or more
of the devices disclosed herein. In some embodiments, the
outlet can be a separate connector component that is coupled
to an opening in a top or bottom substrate. The term “fluid
ports,” as used herein, is understood to refer to an opening
formed in and through a substrate that is used to facilitate
delivery of a fluid between substrates and/or between a
bronchiolar device and an alveolar device.

In some embodiments, the device includes a second
substrate that can be coupled to the first substrate. The
second substrate includes one or more fluid ports that are
fluidly coupled to the inlets, outlets, fluid ports, or a com-
bination thereof, of the first substrate. In some embodiments,
the second substrate includes one or more channels that can
couple two or more fluid ports of the second substrate. In
some embodiments, the channels can be microchannels or
nanochannels. The term “microchannels,” as used herein, is
understood to refer to channels having dimensions less than
1 mm and greater than or equal to 1 pm. The term “nano-
channels,” as used herein, is understood to refer to channels
having dimensions less than 1 um and greater than or equal
to 1 nm. In yet other embodiments, the channels can have
dimensions less than 10 mm and greater than or equal to 1
mm. The fluid ports can be configured to align with one or
more fluid ports of an alveolar device that can be coupled to
the bronchiolar device. The bronchiolar devices also can
include a tube platform comprising one or more hollow
tubes that can facilitate fluid flow and cell growth. The term
“tube platform,” as used herein, is understood to mean a
component that includes at least two substrates that hold in
place a hollow tube or plurality of hollow tubes. The term
“hollow tube,” as used herein, is understood to mean an
elongated body that includes at least a central lumen.

The hollow tubes of the tube platform can be used to
provide a cellular environment that mimics the bronchiolar
environment existing in an organism (such as a human). In
some embodiments, the hollow tubes are capable of trans-
porting fluids through a bronchiolar device. In some
examples, the hollow tubes include cells (for example cells
attached to the central lumen and/or exterior of the elongated
body). The hollow tubes also can provide an environment
for cell and/or tissue growth. In particular disclosed embodi-
ments, the hollow tubes can be configured to tolerate various
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levels of wall shear stress caused by the fluid flowing there
through. Exemplary embodiments can exhibit the behaviors
summarized in the graphs provided by FIGS. 5-7. FIGS. 5
and 6 show model-simulated parameter effects of flow
velocity and inner diameters on wall shear stress. Such
information can be used to determine an optimal shear stress
for bronchial cell growth, which can aid in determining
particular operation parameters based on the modeling
analyses. FIG. 7 shows results obtained from the evaluation
of liquid flux using different liquid flow rates with and
without air flow. To grow cells in air-liquid interface in the
particular embodiments illustrated in FIG. 7, moistened air
with a 10 pL./min flow rate was injected through apical side
ofhollow fiber while medium flow rate was maintained at 10
pl/min to prevent the formation of liquid plugs.

In some embodiments, the hollow tubes can be made of
a polymeric material, such as polyethersulphone, mixed
cellulose ester, cellulose, polysulfone, polypropylene, poly-
vinylidene fluoride, and other biocompatible polymeric
materials. Exemplary embodiments of the hollow tubes
include a mixed cellulous ester coating comprising collagen,
such as collagen type 1. In some embodiments, the collagen
can be coated onto the tube, with exemplary embodiments
being coated with collagen for four hours at 37° C. The
elongated body can have any length suitable to facilitate
passage of fluids into and out of the device. In some
embodiments, the length of the elongated body can be varied
(e.g., increased or decreased) to simulate various different
generations of the type of bronchiole branching that can be
present in a lung. In particular disclosed embodiments, the
length of the elongated body can range from 5 mm to 30 mm
(or higher), such as 10 mm to 20 mm, or 10 mm to 15 mm.
In exemplary embodiments, the elongated body has a length
of 10 mm.

The elongated body also can have an outer diameter that
ranges from 0.38 mm to 1.4 mm (or higher), such as 0.5 to
1.2 mm, or 1 to 1.2 mm. In exemplary embodiments, the
elongated body can have an outer diameter of 1 mm. Hollow
tubes also can have a central lumen that can have any
diameter capable of conducting a sufficient amount of fluid
into and out of the device. In some embodiments, the central
lumen can have a diameter ranging from 0.2 mm to 1 mm
(or higher), such as 0.3 to 0.6 mm, or 0.5 to 0.6 mm. In
exemplary embodiments, the central lumen can have a
diameter of 0.6 mm to 1 mm. In some embodiments, the
central lumen can extend throughout the entire length of the
elongated body.

In some embodiments, the hollow tubes include a plural-
ity of pores passing from the exterior diameter of the central
lumen through the exterior of the elongated body. The pores
can have any shape and size sufficient for allowing passage
of fluids, cells, chemical compounds, and/or gases into
and/or out of the tubes. In particular disclosed embodiments,
the pore size can range from 0.01 to 3 pum (or higher), such
as 0.1to 1 um, or 0.2 to 0.4 um. In exemplary embodiments,
the pore size can be 0.2 um. The pores can have the same or
different shape and/or size and any number of pores can be
included in each tube. In particular disclosed embodiments,
the pores can allow fluid communication between an air-
liquid interface, as illustrated in FIG. 8.

FIG. 8 is a schematic diagram illustrating an air-liquid
interface present in a hollow tube component of a bronchio-
lar device. According to FIG. 8, a first fluid, such as air, gas,
or a combination thereof, (represented by arrow 10), can
flow through the central lumen 12 of a hollow tube 14 and
a second fluid, such as a biological medium (represented by
arrows 16) can flow past the exterior of the hollow tube.
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Hollow tube 14 includes a plurality of pores 18 formed
through elongated body 40, which allow the first fluid 10 and
second fluid 16 to pass in and out of the central lumen 12.
Drugs and other stimuli (20) also can pass through central
lumen 12, which can be coated with epithelial cells 22 and
an extracellular matrix 24. Gases 26 and liquid 28 also can
be exchanged into and out of the hollow tube 14. The
exterior of the hollow tube 14 includes endothelial cells 30
as well as an extracellular matrix 32. Secreted signals 34 can
be produced by the endothelial cells 30, for example, upon
stimulus from components present within the hollow tube
14.

A plurality of hollow tubes can be used to make the tube
platform, with some embodiments comprising 1 hollow tube
to 100 hollow tubes, such as 1 hollow tube to 75 hollow
tubes, or 1 hollow tube to 50 hollow tubes. In exemplary
embodiments, one, two, three, four, five, six, or more hollow
tubes can be included. In some embodiments, the plurality of
hollow tubes can be arranged in a parallel orientation to one
another and each hollow tube can be separated from other
hollow tubes by a distance of 0.1 mm to 10 mm (or higher),
such as 0.5 to 2 mm, or 1 to 2 mm. The hollow tubes can be
arranged in a planar or non-planar arrangement.

In some embodiments, a membrane, rather than a tube
platform, can be used to facilitate cell and/or tissue growth
within the device as well as provide an air-liquid interface to
allow for gas exchange. The membranes can comprise a first
side that corresponds to the central lumen of a hollow tube
embodiment and a second side that corresponds to the
exterior of the elongated body of a hollow tube embodiment.
In some embodiments, membranes are used in bronchiolar
devices comprising two fluid chambers and can facilitate
fluid communication between the two fluid chambers. In
some other embodiments, membranes can be used in
embodiments of a bronchiolar device comprising a transwell
portion and a well portion, as disclosed herein.

Membranes used in the disclosed devices can be made of
any material capable of coupling cells or tissue. In exem-
plary embodiments, the membrane includes a material
selected from poly-L-lactic acid, polydimethylsiloxane
(PDMS), polycprolactone (PCL), PLLA-PCL copolymer,
polyester, polycarbonate, or a combination thereof. The
membrane can also comprise pores to facilitate transport of
components of the fluids used in the bronchiolar device
through the membrane. In some embodiments, the mem-
brane can be a transwell membrane comprising a polyester
material with thicknesses ranging from 1 to 100 um, such as
1 to 50 um, or 1 to 10 um. In exemplary embodiments, the
membrane can be 10 um. Pores of the membrane can have
diameters ranging from 0.4 to 12 um, such as 0.4 to 3 pm,
or 0.4 to 11 um, with pore densities ranging from 1x10° to
1x10® pores/cm?, such as 4x10° to 4x10° pores/cm?, or
2x10° to 4x10° pores/cm?. In exemplary embodiments, the
pores can have a diameter of 0.4 um and the density of the
pores can be 4x10° pores/cm'.

In particular disclosed embodiments, the hollow tubes
and/or the membrane discussed above can be associated
with one or more cell populations. In some embodiments,
cell populations that are associated with the hollow tubes
and/or membranes discussed above can be coupled or
adhered to such components. In other embodiments, cell
populations can be associated with the hollow tubes and/or
membranes but need not be coupled or adhered to such
components. In some embodiments, the hollow tubes
include cells present on the exterior of the elongated body
and on the surface of the central lumen of the hollow tube.
The cell populations present on the exterior of the elongated

25

30

35

40

45

55

16

body can be the same or different from the cell population
present on the surface of the central lumen. In particular
disclosed embodiments, the cell populations can be culti-
vated to form a cell layer or tissues that coat, or substantially
coat, the surface of the central lumen and/or the exterior of
the elongated body. Both sides of a membrane also can be
associated with one or more cell populations. In some
embodiments, a first cell population can be associated with
one side of the membrane and a second cell population can
be associated with the other side of the membrane.

In particular disclosed embodiments, the exterior of the
elongated body of a hollow tube disclosed herein (or an
“endothelial side” of a membrane) includes (or is associated
with) endothelial cells, such as lung microvascular endothe-
lial cells (e.g., HLMVE cells) that can produce an endothe-
lium that coats, or substantially coats, the exterior of the
elongated body (or the endothelial side of the membrane).
The surface of the central lumen (or “epithelial side” of a
membrane) includes (or is associated with) epithelial cells,
such as bronchial epithelial cells (e.g., BEAS-2B) that can
produce an epithelium that coats, or substantially coats the
surface of the central lumen (or epithelial side of the
membrane).

Exemplary embodiments including different cell popula-
tions grown on a hollow tube or membrane are illustrated in
FIGS. 9A-9H. FIGS. 9A, 9B, 9E, and 9F show endothelial
cells present on the exterior of the elongated body of
exemplary hollow tube embodiments and FIGS. 9C, 9D, 9G,
and 9H show epithelial cells present on the interior of a
central lumen of an exemplary tube. Bronchial epithelial
tissue includes mucin-producing cells, cilia cells, and com-
binations thereof. FIGS. 10A-10D illustrate embodiments of
normal human bronchial epithelial cells seeded on a tran-
swell membrane and detected using suitable stains. Alcian
blue sta