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MULTICOMPARTMENT LAYERED AND
STACKABLE MICROFLUIDIC
BIOREACTORS AND APPLICATIONS OF
SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application is a divisional patent application of U.S.
patent application Ser. No. 15/776,524, filed May 16, 2018,
now allowed, which itself is a U.S. national phase entry of
PCT Patent Application Serial No. PCT/US2016/063586
(the 586 application), filed Nov. 23, 2016, and claims
priority to and the benefit of U.S. Provisional Patent Appli-
cation Ser. No. 62/259,327, filed Nov. 24, 2015. The ’586
application is a continuation-in-part application of U.S.
patent application Ser. No. 15/191,092 (the *092 applica-
tion), filed Jun. 23, 2016; Ser. No. 14/651,174 (the ’174
application), filed Jun. 10, 2015; Ser. No. 14/646,300 (the
’300 application), filed May 20, 2015; Ser. No. 14/363,074
(the 074 application), filed Jun. 5, 2014; and Ser. No.
13/877,925 (the *925 application), filed Jul. 16, 2013. The
’092 application is also a continuation-in-part application of
the *925 application, the 074 application, the *300 applica-
tion and the 174 application. The 925 application, is a
national stage entry of PCT Application Serial No. PCT/
US2011/055432, filed Oct. 7, 2011, which claims priority to
and the benefit of U.S. Provisional Patent Application Ser.
No. 61/390,982, filed Oct. 7, 2010. The 074 application,
now U.S. Pat. No. 10,078,075, is a national stage entry of
PCT Application Serial No. PCT/US2012/068771, filed
Dec. 10, 2012, which claims priority to and the benefit of
U.S. Provisional Patent Application Ser. Nos. 61/569,145,
61/697,204 and 61/717,441, filed Dec. 9, 2011, Sep. 5, 2012
and Oct. 23, 2012, respectively. The 300 application, now
U.S. Pat. No. 9,874,285, is a national stage entry of PCT
Application Serial No. PCT/US2013/071026, filed Nov. 20,
2013, which claims priority to and the benefit of U.S.
Provisional Patent Application Ser. Nos. 61/729,149,
61/808,455, and 61/822,081, filed Nov. 21, 2012, Apr. 4,
2013 and May 10, 2013, respectively. The *174 application,
now U.S. Pat. No. 9,618,129, is a national stage entry of
PCT Application Serial No. PCT/US2013/071324, filed
Nov. 21, 2013, which claims priority to and the benefit of
U.S. Provisional Patent Application Ser. Nos. 61/808,455
and 61/822,081, filed Apr. 4, 2013 and May 10, 2013,
respectively.

Each of the above-identified application is incorporated
herein by reference in its entirety.

Some references, which may include patents, patent appli-
cations, and various publications, are cited and discussed in
the description of the present invention. The citation and/or
discussion of such references is provided merely to clarify
the description of the present invention and is not an
admission that any such reference is “prior art” to the
invention described herein. All references cited and dis-
cussed in this specification are incorporated herein by ref-
erence in their entireties and to the same extent as if each
reference was individually incorporated by reference.

STATEMENT OF FEDERALLY SPONSORED
RESEARCH

This invention was made with government support under
grant number TR0O00491 awarded by the National Institutes
of Health. The government has certain rights in the inven-
tion.
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FIELD OF THE INVENTION

The present invention relates generally to a microfluidic
system, and more particularly to layered and stackable
microfiuidic bioreactors, and applications of the same.

BACKGROUND INFORMATION

The background description provided herein is for the
purpose of generally presenting the context of the present
invention. The subject matter discussed in the background of
the invention section should not be assumed to be prior art
merely as a result of its mention in the background of the
invention section. Similarly, a problem mentioned in the
background of the invention section or associated with the
subject matter of the background of the invention section
should not be assumed to have been previously recognized
in the prior art. The subject matter in the background of the
invention section merely represents different approaches,
which in and of themselves may also be inventions. Work of
the presently named inventors, to the extent it is described
in the background of the invention section, as well as aspects
of the description that may not otherwise qualify as prior art
at the time of filing, are neither expressly nor impliedly
admitted as prior art against the present invention.

The blood-brain barrier (BBB) acts as the gatekeeper
between the central nervous system (CNS) and the rest of the
body. It is the responsibility of the BBB to facilitate the entry
of required nutrients into the brain and exclude potentially
harmful compounds. However, this critical and complex
structure remains difficult to model in vitro. Accurate in vitro
models are necessary for understanding how the BBB forms
and functions, for evaluating drug, toxin, and viral penetra-
tion across the barrier, and for recreating the BBB response
and CNS response in disease models. Many existing in vitro
models either fail to support all the cell types involved in
BBB formation and/or do not provide the shear forces
created by flow necessary for mature tight junction forma-
tion. While the transwell BBB with endothelial cells and
astrocytes is a standard in the pharmaceutical industry, its
shortcomings include the lack of shear-flow induced polar-
ization of the endothelial cells; large, physiologically unre-
alistic fluid volumes; difficulty in supporting more than two
cell types; and the inability to use electrical recordings to
monitor neural activity in situ. There are a large number of
different applications of biological barriers that are studied
using transwell, including the endothelia/epithelial/air inter-
face at the skin, the endothelial/epithelial interface within
the pulmonary alveoli, the endothelial/epithelial interface in
the lumen of the gastrointestinal tract, etc., that would
benefit from lower fluid volumes and improved, shear-flow-
induced polarization. Transwells also have widespread
application as a cancer cell migration tool, wherein cells
within the insert migrate across the barrier in response to
chemical signals produced by cells growing at the bottom of
the well. The ability of the cells in the insert to sense the
signals from cells in the well is compromised by the dilution
of signaling molecules and metabolites by the large fluid
volumes in both the well and the insert.

Therefore, a heretofore unaddressed need exists in the art
to address the aforementioned deficiencies and inadequa-
cies.

SUMMARY OF THE INVENTION

In one aspect, the present invention relates to a planar
layered device. In certain embodiments, the planar layered
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device includes a top planar layer and a bottom planar layer
stacked together. The top planar layer includes a top base
having an upper surface and a lower surface, a top cover
covering the upper surface of the top base, and a top
membrane attached to the lower surface of the top base. The
top base has a top through hole formed therein, the top
through hole is sealed by the top cover and the top mem-
brane to form a top chamber, and the top chamber is in fluid
communication with a first input channel and a first output
channel located in the top base. The bottom planar layer
includes a bottom base having an upper surface and a lower
surface, and a bottom substrate attached to the lower surface
of the bottom base. The bottom base has a bottom through
hole formed therein, the bottom through hole is sealed by the
top membrane and the bottom substrate to form a bottom
chamber, and the bottom chamber is in fluid communication
with a second input channel and a second output channel
located in the bottom base. The top chamber and the bottom
chamber correspond to each other and are separated by the
top membrane.

In certain embodiments, the planar layered device further
includes at least one middle planar layer disposed between
the top planar layer and the bottom planar layer. The at least
one middle planner layer includes a middle base having an
upper surface and a lower surface. The top membrane is
disposed between the lower surface of the top base and the
upper surface of the middle base, and a middle membrane is
disposed between the lower surface of the middle base and
the upper surface of the bottom base. The middle base has
a middle through hole formed therein, the middle through
hole is sealed by the top membrane and the middle mem-
brane to form a middle chamber, and the middle chamber is
in fluid communication with a third input channel and a third
output channel located in the middle base.

In certain embodiments, the first input channel and the
first output channel are recessed from the lower surface of
the top base, the second input channel and the second output
channel are recessed from the lower surface of the bottom
base, and the third input channel and the third output channel
are recessed from the lower surface of the middle base.

In certain embodiments, the at least one middle planar
layer includes multiple middle planar layers.

In certain embodiments, a thickness of the top membrane
and the middle membrane is in a range of about 2-20 um, a
height of the top chamber, the middle chamber and the
bottom chamber is in a range of about 50-150 um. In one
embodiment, the thickness of the top membrane and the
middle membrane is in a range of about 10 um. In one
embodiment, the height of the top chamber, the middle
chamber and the bottom chamber is in a range of about 100
pm.

In certain embodiments, the top chamber, the middle
chamber and the bottom chamber are aligned sequentially
with each other, the top membrane is porous or a portion of
the top membrane corresponding to the top chamber and the
middle chamber is porous, and the middle membrane is
porous or a portion of the middle membrane corresponding
to the middle chamber and the bottom chamber is porous.

In certain embodiments, each of the top planar layer, the
middle planar layer and the bottom planar layer further has
sidewalls surrounding the top base, the middle base or the
bottom base.

In certain embodiments, the planar layered device further
includes a top cell layer disposed between a bottom surface
of the top chamber and the top membrane, and a bottom cell
layer disposed between the top membrane and an upper
surface of the bottom chamber. In certain embodiments, the
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4

top cell layer comprises brain astrocytes and pericytes, and
the bottom cell layer comprises brain microvascular cells.

In certain embodiments, the top cover and the bottom
substrate are made of glass.

In certain embodiments, the base for each layer supports
the membrane filter that separates two chambers. The thin
base is supported on its edges by a surrounding, thicker and
stiffer frame. The lateral dimensions of the frame for each
successive layer are such that the frame for the lowest layer
is largest, and the frame for successive upper layers is
progressively reduced so that the upper layers nest inside the
lower ones. In some embodiments, the set of nested layers
can be clamped together to eliminate leaks from the chan-
nels of each layer and allow the layers to be disassembled for
cellular analysis.

In another aspect, the present invention relates to a
stackable transwell device. In certain embodiments, the
stackable transwell device includes a top transwell insert, at
least one middle transwell insert, and a bottom transwell
insert. Each of the bottom transwell insert, the at least one
middle transwell insert and the top transwell insert has a
tubular body and a flange radially extending from an upper
end of the tubular body, such that, as assembled, the flange
of the top transwell insert stacks on the flange of the at least
one middle transwell insert that in turn, stacks on the flange
of the bottom transwell insert, and the tubular body of the
top transwell insert is sleeved by the tubular body of the at
least one middle transwell insert that in turn, is sleeved by
the tubular body of the bottom transwell insert. A top cover
is attached to a lower end of the tubular body of the top
transwell insert, a middle membrane is attached to a lower
end of the tubular body of the at least one middle transwell
insert, a bottom substrate is attached to a lower end of the
tubular body of the bottom transwell insert. The top cover,
the middle membrane, and the tubular bodies of the top
transwell insert and the at least one middle transwell insert
define a top chamber, and the top chamber is in fluid
communication with a first input channel and a first output
channel. The middle membrane, the bottom substrate, and
the tubular bodies of the at least one middle transwell insert
and the bottom transwell insert define a bottom chamber, and
the bottom chamber is in fluid communication with a second
input channel and a second output channel.

In certain embodiments, the at least one middle transwell
insert includes two or more middle transwell inserts, and a
middle chamber is defined between two adjacent middle
transwell inserts, and the middle chamber is in fluid com-
munication with a third input channel and a third output
channel.

In certain embodiments, the at least one middle transwell
insert includes two middle transwell inserts, the middle
membrane comprises a first middle membrane and a second
middle membrane defining the middle chamber, a first type
of cell layer is attached to a bottom surface of the top cover
and an upper surface of the first middle membrane, a second
type of cell layer are attached to a bottom surface of the first
middle membrane and an upper surface of the second middle
membrane, and a third type of cell layer is attached to a
bottom surface of the second middle membrane and an
upper surface of the bottom substrate.

In certain embodiments, each of the first input channel,
the first output channel, the second input channel, the second
output channel, the third input channel, and the third output
channel is recessed from the lower end of one of the tubular
bodies, and disposed between two adjacent tubular bodies.

In certain embodiments, the lower end of each tubular
body has a diameter less than that of the upper end of the
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tubular body, and the top chamber, the middle chamber and
the bottom chamber are in fluid communication with each
other through the top membrane and the middle membrane.

In certain embodiments, a height of each of the top
chamber, the middle chamber and the bottom chamber is in
a range of about 50-150 um. In one embodiment, the height
of each of the top chamber, the middle chamber and the
bottom chamber is about 100 um.

In certain embodiments, the top cover and the bottom
substrate are made of glass.

In a further aspect, the present invention relates to a
stackable device. In certain embodiments, the stackable
device includes multiple elements stacked sequentially to
each other. A chamber is formed in each of the elements or
between adjacent two of the elements, and each chamber is
in fluid communication with an input channel and an output
channel. The chambers are aligned with each other, and
adjacent two chambers are separated from each other by a
membrane.

In certain embodiments, each of the elements is a planar
layer or a transwell insert.

In yet another aspect, the present invention relates to a
system. In certain embodiments, the system includes at least
one stackable device, each stackable device having multiple
chambers; and at least one of a perfusion controller, a
microformulator, and a microclinical analyzer in fluid com-
munication with the at least one stackable device.

In certain embodiments, the perfusion controller is con-
figured to provide media for growing cells in the chambers
and includes: a plurality of reservoirs, wherein one reservoir
has a media; an input control valve connected with the
reservoirs; and a pump connected with the input control
valve for drawing a reagent from the reservoirs via the input
control valve. The multiple chambers of the at least one
stackable device are connected with the pump for receiving
the reagent or connected with the media reservoir for send-
ing out effluent to the media reservoir.

In certain embodiments, the microformulator is config-
ured for feeding a single reagent or a mixture of reagents to
cells in the chambers and includes: a plurality of reservoirs
containing different reagents for testing; an input control
valve connected with the reservoirs; a pump connected with
the input control valve for drawing a reagent from the
reservoirs via the input control valve; and an output director
valve having multiple output tubes. The multiple output
tubes are configured to feed the reagent to chambers of the
stackable device with predetermined concentrations of the
different reagents, which may change with time to produce
complex temporal concentration profiles.

In certain embodiments, the microclinical analyzer is
configured to analyze the effluent from the chambers and
includes: a plurality of reservoirs containing calibration
reagents; a valve connected with the reservoirs and con-
nected with a tube for receiving effluent from the chambers
of the stackable device; a pump connected with the valve for
drawing the calibration reagents or the effluent; and a sensor
array connected with the pump for analyzing the calibration
reagents or the effluent.

In certain embodiments, the pumps, valves and tubing can
be configured with current-injection electrodes, voltage-
sensing electrodes, and a fixed- or swept-frequency analyzer
to create an integrated instrument that is capable of mea-
suring either the transendothelial electrical resistance
(TEER) performing electrical impedance spectroscopy on
the cells growing on each transwell barrier in a multi-well
plate.
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In certain embodiments, the at least one of the perfusion
controllers, the microformulators, and the microclinical ana-
lyzers comprises a first input microformulator, comprising a
first pump in fluid communication with reservoirs, a first
valve in fluid communication with the first pump through at
least one first fluidic path, and a first electrode at least
partially disposed in the at least one first fluidic path; a
second input microformulator, comprising a second pump in
fluid communication with the reservoirs, a second valve in
fluid communication with the second pump through at least
one second fluidic path, and a second electrode at least
partially disposed in the at least one second fluidic path; a
first output microformulator, comprising a third pump, a
third valve in fluid communication with the third pump
through at least one third fluidic path, and a third electrode
at least partially disposed in the at least one third fluidic
path; and a second output microformulator, comprising a
fourth pump, a fourth valve in fluid communication with the
fourth pump through at least one fourth fluidic path, and a
fourth electrode at least partially disposed in the at least one
fourth fluidic path.

In certain embodiments, the system further comprises an
impedance analyzer electrically coupled with the first, sec-
ond, third and fourth electrodes.

In certain embodiments, the impedance analyzer is con-
figured to deliver a first electrical signal through the first and
second electrodes respectively to two sides of a barrier in the
at least one stackable device, and to measure a second
electrical signal of the two sides of the barrier through the
third and fourth electrodes respectively.

In certain embodiments, the system further comprises a
plurality of input fluidic lines, and each input fluidic line is
electrically connected with the first electrode or the second
electrode through the first valve or the second valve.

In certain embodiments, the system further comprises a
plurality of output fluidic lines, and each output fluidic line
is electrically connected with the third electrode or the
fourth electrode through the third valve or the fourth valve.

In certain embodiments, the first electrode and the second
electrode operably deliver the first electrical signal through
corresponding input fluidic lines respectively to the two
sides of the barrier; and the third electrode and the fourth
electrode operably measure the second electrical signal of
the two sides of the barrier through corresponding output
fluidic lines respectively.

In certain embodiments, one of the first and second
electrical signals is a current, and the other of the first and
second electrical signals is a voltage.

In certain embodiments, the barrier comprises membranes
between the chambers or between the transwell inserts and
their corresponding wells.

These and other aspects of the present invention will
become apparent from the following description of the
preferred embodiment taken in conjunction with the follow-
ing drawings, although variations and modifications therein
may be affected without departing from the spirit and scope
of the novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate one or more
embodiments of the present invention and, together with the
written description, serve to explain the principles of the
invention. Wherever possible, the same reference numbers
are used throughout the drawings to refer to the same or like
elements of an embodiment.
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FIG. 1A shows schematically a perspective view of a
single chamber layered microfluidic bioreactor according to
one embodiment of the present invention.

FIG. 1B is a cross-sectional view of FIG. 1A along the
A-A' direction before attaching the glass substrate.

FIG. 1C is a cross-sectional view of FIG. 1A along the
A-A' direction after attaching the glass substrate.

FIG. 1D shows schematically a perspective view of a
double-layer microfluidic bioreactor according to one
embodiment of the present invention.

FIG. 1E is a cross-sectional exploded view of a double-
layer microfluidic bioreactor according to one embodiment
of the present invention, where the membrane filter layer is
porous only in the central portion.

FIG. 1F is a cross-sectional exploded view of a double-
layer microfluidic bioreactor according to one embodiment
of the present invention, where the membrane filter layer is
porous over its entire extent.

FIG. 1G is a cross-sectional assembly view of a double-
layer microfluidic bioreactor.

FIG. 2A is a cross-sectional exploded view of a five-layer
microfluidic bioreactor according to one embodiment of the
present invention.

FIG. 2B is a cross-sectional assembly view of a five-layer
microfluidic bioreactor according to one embodiment of the
present invention.

FIG. 3A is a perspective view of a 5-layer microfluidic
bioreactor according to one embodiment of the present
invention.

FIG. 3B is a line drawing of FIG. 3A.

FIG. 3C is a quarter cross-section view of FIG. 3B.

FIG. 3D is a partial enlarged view of FIG. 3C.

FIG. 4A is a transparent line drawing of FIG. 3A.

FIG. 4B is a quarter cross-section view of FIG. 4A.

FIG. 4C is a sectional view of FIG. 4A along the B-B'
direction.

FIG. 5A schematically shows the channel outlines for an
input splitter according to one embodiment of the present
invention.

FIG. 5B is a partial enlarged view of FIG. 5A.

FIG. 5C shows a variant subassembly of FIG. 5A, where
the central region is a single chamber.

FIG. 5D shows a transparent rendering of the central
region of an assembly that has multiple layered subassem-
blies according to one embodiment of the present invention.

FIG. 5E is a transparent partial line drawing of FIG. 5D.

FIG. 6A is a sectional view of a transwell insert in a row
of wells in a well plate.

FIG. 6B is a sectional view of stacked transwell inserts
according to one embodiment of the present invention.

FIG. 6C shows the fluidic channels of stacked transwell
inserts according to one embodiment of the present inven-
tion.

FIG. 6D shows the fluidic channels and gaskets of stacked
transwell inserts according to another embodiment of the
present invention.

FIG. 6E shows the channels and gaskets on the outside of
transwell insert in FIG. 6D.

FIG. 6F shows how a single channel in the insert in FIG.
6D can replace the multiple channels in FIG. 6E.

FIG. 6G shows how a conventional “chop-stick” four-
electrode pair and a device to measure electrical resistance
can be used to determine the transendothelial electrical
resistance (TEER) of cells growing on the barrier membrane
of a transwell insert.
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FIG. 7A is a perspective view of a pair of stacked
transwell inserts according to one embodiment of the present
invention.

FIGS. 7B-D provide other views of the stacked transwell
inserts of FIG. 7A.

FIG. 8A is a perspective view of four nested transwell
inserts according to one embodiment of the present inven-
tion.

FIG. 8B schematically shows different type of cells
seeded on the chamber surfaces according to one embodi-
ment of the present invention.

FIG. 9A is an image of two stackable transwell inserts
fabricated by 3D printing according to one embodiment of
the present invention.

FIG. 9B is an image showing the stack of the two
transwell inserts in FIG. 9A.

FIG. 9C is a partial enlarged view of FIG. 9B showing a
gap between the two transwell inserts.

FIGS. 10A-10C show sectional images of the assembled
transwell inserts of FIG. 9B, where filters are attached to the
ends of the transwell inserts.

FIG. 11 shows insertion of the transwell inserts to a
12-well plate according to one embodiment of the present
invention.

FIGS. 12A-12C show a multi-electrode array (MEA).

FIG. 12D shows the data acquisition sequence and wave-
form reconstructions for the MEA.

FIG. 13 is a cross-sectional view of the MEA of FIG. 12.

FIGS. 14A-H show how the stacked transwell inserts can
be attached to and interface with an MEA according to
certain embodiments of the present invention.

FIG. 15A is a schematic view of a perfusion controller
according to one embodiment of the present invention.

FIG. 15B is a schematic view of a microclinical analyzer
according to one embodiment of the present invention.

FIG. 15C is a schematic view of a microformulator
according to one embodiment of the present invention.

FIG. 16A is a schematic view of a compact smart motor
unit according to one embodiment of the present invention.

FIG. 16B shows a fluidic circuit according to one embodi-
ment of the present invention.

FIG. 16C shows schematically independent or synchro-
nized perfusion of both sides of a two-chamber BBB bio-
reactor according to one embodiment of the present inven-
tion.

FIG. 16D shows schematically a fluidic circuit for con-
trolling a microclincal analyzer according to one embodi-
ment of the present invention.

FIG. 16E shows use of the perfusion controller to perfuse
and control two nested transwell inserts according to one
embodiment of the present invention.

FIG. 17A shows schematically use of the micro formu-
lator to control the perfusion of multiple nested transwell
inserts according to one embodiment of the present inven-
tion.

FIG. 17B shows schematically use of four micro formu-
lators to control both inputs and outputs of each insert,
according to one embodiment of the present invention.

FIG. 18A shows an instrument that comprises four
24-channel microformulators, electrodes, and a swept-fre-
quency impedance analyzer that together can control each
well in a 24 transwell plate and measure the electrical
impedance spectrum of the cells growing on each insert,
according to one embodiment of the present invention.

FIG. 18B provides details of how a machined, hot-
embossed, or laser-cut, two-sided fluidic network can pro-
vide two fluidic connections to either a row of four wells
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(1890) in a 24-well plate or 12 wells (1891) in a 96 well
plate, according to certain embodiments of the present
invention.

FIGS. 18C-18E shows how the electrical impedance
measuring circuits in FIG. 18A enable the measurement and
control of fluid volumes according to certain embodiments
of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which exemplary embodiments of the present invention are
shown. The present invention may, however, be embodied in
many different forms and should not be construed as limited
to the embodiments set forth herein. Rather, these embodi-
ments are provided so that this disclosure will be thorough
and complete, and will fully convey the scope of the
invention to those skilled in the art. Like reference numerals
refer to like elements throughout.

The terms used in this specification generally have their
ordinary meanings in the art, within the context of the
invention, and in the specific context where each term is
used. Certain terms that are used to describe the invention
are discussed below, or elsewhere in the specification, to
provide additional guidance to the practitioner regarding the
description of the invention. For convenience, certain terms
may be highlighted, for example using italics and/or quota-
tion marks. The use of highlighting and/or capital letters has
no influence on the scope and meaning of a term; the scope
and meaning of a term are the same, in the same context,
whether or not it is highlighted and/or in capital letters. It
will be appreciated that the same thing can be said in more
than one way. Consequently, alternative language and syn-
onyms may be used for any one or more of the terms
discussed herein, nor is any special significance to be placed
upon whether or not a term is elaborated or discussed herein.
Synonyms for certain terms are provided. A recital of one or
more synonyms does not exclude the use of other synonyms.
The use of examples anywhere in this specification, includ-
ing examples of any terms discussed herein, is illustrative
only and in no way limits the scope and meaning of the
invention or of any exemplified term. Likewise, the inven-
tion is not limited to various embodiments given in this
specification.

It will be understood that when an element is referred to
as being “on” another element, it can be directly on the other
element or intervening elements may be present therebe-
tween. In contrast, when an element is referred to as being
“directly on” another element, there are no intervening
elements present. As used herein, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.

It will be understood that, although the terms first, second,
third, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another element, component, region, layer or section. Thus,
a first element, component, region, layer or section dis-
cussed below can be termed a second element, component,
region, layer or section without departing from the teachings
of the present invention.

It will be understood that when an element is referred to
as being “on,” “attached” to, “connected” to, “coupled”
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with, “contacting,” etc., another element, it can be directly
on, attached to, connected to, coupled with or contacting the
other element or intervening elements may also be present.
In contrast, when an element is referred to as being, for
example, “directly on,” “directly attached” to, “directly
connected” to, “directly coupled” with or “directly contact-
ing” another element, there are no intervening elements
present. It will also be appreciated by those of skill in the art
that references to a structure or feature that is disposed
“adjacent” to another feature may have portions that overlap
or underlie the adjacent feature.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a,” “an,” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises” and/or
“comprising,” or “includes” and/or “including” or “has”
and/or “having” when used in this specification specity the
presence of stated features, regions, integers, steps, opera-
tions, elements, and/or components, but do not preclude the
presence or addition of one or more other features, regions,
integers, steps, operations, elements, components, and/or
groups thereof.

Furthermore, relative terms, such as “lower” or “bottom”
and “upper” or “top,” may be used herein to describe one
element’s relationship to another element as illustrated in the
figures. It will be understood that relative terms are intended
to encompass different orientations of the device in addition
to the orientation shown in the figures. For example, if the
device in one of the figures is turned over, elements
described as being on the “lower” side of other elements
would then be oriented on the “upper” sides of the other
elements. The exemplary term “lower” can, therefore,
encompass both an orientation of lower and upper, depend-
ing on the particular orientation of the figure. Similarly, if
the device in one of the figures is turned over, elements
described as “below” or “beneath” other elements would
then be oriented “above” the other elements. The exemplary
terms “below” or “beneath” can, therefore, encompass both
an orientation of above and below.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which the present invention belongs. It will be further
understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the
relevant art and the present disclosure, and will not be
interpreted in an idealized or overly formal sense unless
expressly so defined herein.

As used herein, “around,” “about,” “substantially” or
“approximately” shall generally mean within 20 percent,
preferably within 10 percent, and more preferably within 5
percent of a given value or range. Numerical quantities
given herein are approximate, meaning that the terms
“around,” “about,” “substantially” or “approximately” can
be inferred if not expressly stated.

As used herein, the terms “comprise” or “comprising,”
“include” or “including,” “carry” or “carrying,” “has/have”
or “having,” “contain” or “containing,” “involve” or
“involving” and the like are to be understood to be open-
ended, i.e., to mean including but not limited to.

As used herein, the phrase “at least one of A, B, and C”
should be construed to mean a logical (A or B or C), using
a non-exclusive logical OR. It should be understood that one
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or more steps within a method may be executed in different
order (or concurrently) without altering the principles of the
invention.

As used herein, the terms “MicroClinical Analyzer,”
“MicroChemical Analyzer,” and their abbreviation “uCA”
are exchangeable. The term “Perfusion Controller” and its
abbreviation “PC” are exchangeable. The term “MicroFor-
mulator” and its abbreviation “pF” are exchangeable. The
term “Rotary Planar Peristaltic Micropump”™ and its abbre-
viation “RPPM” are exchangeable. The term “Rotary Planar
Valve” and its abbreviation “RPV” are exchangeable. The
term “Integrated Organ Microfluidics™ and its abbreviation
“TOM” are exchangeable. The term “Organ-on-Chip” and
its abbreviation “OoC” are exchangeable. The term “tissue
chip” and its abbreviation “TC” are exchangeable.

As used herein, the terms “fluidic path” and “fluidic
channel” are exchangeable, and refer to a passage, a conduit,
a groove, a furrow, or the like that allow a fluid to flow
through it. Similarly, “bus line,” “bus,” and “line” can be
used interchangeably and refer to a common fluidic supply
line or a set of common fluidic supply lines.

The description is now made as to the embodiments of the
present invention in conjunction with the accompanying
drawings. In accordance with the purposes of the present
invention, as embodied and broadly described herein, the
present invention relates to systems and methods using
layered planar microfluidics and stacked transwell micro-
fluidic.

In certain embodiments, a planar microfluidic BBB model
is provided, which is excellent for examining the BBB in
cross-section, particularly to observe leukocyte extravasa-
tion, but it lacks the cell number to support in-depth secre-
tome characterization.

In certain embodiments, a hollow fiber BBB model is
provided. The hollow fiber BBB model provides the shear
flow for barrier polarization and support leukocyte extrava-
sation, but have large abluminal volumes, a thick membrane
between the endothelial cells and astrocytes, and support
neither electrical recordings nor optical microscopy of the
endothelium. Hollow fibers are typically translucent rather
than transparent and hence do not allow visualization of
cells growing within the lumen of the fiber.

In certain embodiments, a more faithful in vitro BBB
model is provided. The in vitro BBB model is a microfluidic
neurovascular unit (NVU) that includes a vascular chamber
and a brain chamber separated by a porous membrane that
allows cell-cell communication between endothelial cells,
astrocytes, and pericytes, and that can independently perfuse
both sides of the membrane.

In certain embodiments of a BBB model, a cerebral-spinal
fluid (CSF) compartment is added. In certain embodiments,
human cells, including induced pluripotent stem cell (iPSC)
derived glutamatergic neurons are used. In certain embodi-
ments, all cell types that comprise the BBB-NVU model are
derived from iPSCs, possibly from the same patient to
provide genetic homogeneity of all cells in the BBB-NVU.

In certain embodiments, a complete next-generation neu-
rovascular unit-integrated microfiuidics module (NVU-
IOM) system with fully transparent materials is provided.
The NVU-IOM system supports long-term culture, control,
characterization, and validation well beyond what is cur-
rently available. By combining several emerging technolo-
gies into a single platform, the NVU-IOM will enable in situ
and real-time morphometric, neuroelectric, bioenergetic,
and metabolomic characterization of both the BBB and the
neurons it protects. In certain embodiments, the integrated
platform is generalizable to organ-on-chip (OoC) systems
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capable of establishing physiologically relevant protective
barriers ranging from fetal membranes to the liver, skin,
lungs, airways, kidney and bladder, and hence will advance
not only neuroscience but also toxicology and drug safety.

In certain embodiments, a well plate set up is used in cell
biology analysis. The well plate, robots, and plate-based
instruments are central to high-throughput screening (HTS)
and drug development. As a result, much of biology utilizing
those tools has focused on monolayer monocultures grown
on plastic. The resulting self-consistent biological models
have a number of serious limitations: small-volume wells
with a supposedly homogeneous cellular phenotype do not
recapitulate the heterogeneous tissue microenvironment
(both physical and chemical); nutrient and metabolite trans-
port is limited by diffusion; well corners may not retlect well
centers; and it is hard to create controlled concentration
gradients or reverse experiments through rapid washout.
Plastic is 10* to 10° times stiffer than tissue, and standard
well plates are not designed to provide shear forces to
maintain endothelial and epithelial polarization or apply
mechanical stresses to cells. A centralized fluid handler and
plate reader hardware are not suited for either fast, real-time,
closed-loop control or complex exposure protocols. Para-
crine and autocrine factors are diluted 100x to 1000x by the
media above cells. It is difficult to create well-well connec-
tions to simulate organ-organ interactions, and a simple
pipetting of conditioned media from one well to another will
lead to further dilution, evaporation, or other losses.

In certain embodiments, recognizing the above described
limitations, 3D tissue culture with heterogeneous cell popu-
lations in 3D extracellular matrices with tissue-like archi-
tecture, perfusion, stiffness, and proper mechanical, chemi-
cal, and electrical clues is provided. However, when
studying with self-assembling organoids or perfused organs-
on-chips, these problems and the difference between 2D and
3D cultures become more evident and must be addressed,
while instrumentation enabling such culture maintenance,
real-time analysis, and very low fluidic volumes is lacking
in control, temporal resolution, and analytical sensitivity.

In certain embodiments, an interface is provided between
biology, chemistry, physics, engineering, and medicine, to
address the above identified problems during the transition
from 2D to 3D cultures. Specifically, a NeuroVascular Unit
(NVU) and supporting microfluidic pumps, valves, and
controllers have been developed, which represents state-of-
the-art organ-on-chip (OoC) research. This invention is
innovative in that it presents a coherent plan to bring
together a breadth of technologies, scientists, and engineers
to create integrated organ microfluidics (TOM) modules
that, when used with the NVU or other OoCs, provide a
compact, low-cost, reliable, easy-to-use platform. The
NVU-IOM platform can be incorporated into an instrument
that enables real-time, on-chip interfaces with analytics such
as TEER (Trans-Endothelial Electrical Resistance), multi-
electrode arrays (MEA) that capture spatiotemporal neuro-
electric network dynamics, and metabolic profiling. This
invention is capable of providing an NVU-IOM to academic
and commercial researchers to advance our understanding of
the BBB and brain neurons, and their response to drugs,
toxins, and disease.

In certain embodiments, a complete NVU-IOM system,
which may be a commercial pre-production prototype uti-
lizing techniques in the area of biopharmaceutical, OoC,
PDMS and other polymers, and precision molded plastic
components. The implementation of this concept addresses
three areas: the NVU bioreactor, support and analysis hard-
ware, and validation of the NVU-IOM system. In certain
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embodiments, extensive preliminary data that provides
proof-of-concept of the NVU and the individual components
are available, and so the investigator can focus on integra-
tion, reliability, reproducibility, ease-of-manufacture, ease-
of-use, and minimization of cost.

In certain embodiments, the integration goes beyond the
microfiuidics, and the NVU-IOM provides the ability to
quantify bioenergetic activity by in situ, real-time measure-
ment of glucose, lactate, and oxygen fluxes and cellular
acidification rates, and the temporal variation of other cel-
Iular signals and metabolites. The NVU-IOM supports both
targeted and untargeted ultraperformance liquid chromatog-
raphy-ion mobility-mass spectrometry (UPLC-IM-MS)
metabolomics.

In certain embodiments, layered planar microfluidics and
stackable transwell inserts microfluidics are provided, each
a significant advance in the NVU. The layered planar and
stackable transwell NVU can be fabricated from cyclic
olefin copolymer (COC), a plastic favored by the HTS
community for its optical properties and biocompatibility.
These NVUs support vascular, brain, and cerebral spinal
fluid (CSF) spaces and can be optimized for high-content
imaging. In certain embodiments, the NVU is directly
interfaced to a complementary metal oxide semiconductor
(CMOS) 4096 channel multi-electrode array (MEA) that
allows the user to determine the neuroelectric response of
neurons to drugs, toxins, and metabolic insults to the BBB
and the neurons themselves. The sensitivity and specificity
of the assays developed for the NVU-IOM are validated
using the above techniques. The NVU-IOM is a powerful
platform to aid understanding, protection, and treatment of
the brain.

In certain aspects, the present invention relates to a
bioreactor stacked of multiple planar layers. Referring to
FIGS. 1A-5E, a layered, planar, multi-chamber bioreactor or
microfluidics according to certain embodiments is shown.
Of them, FIG. 1A explains a concept by which a layered,
planar, multi-chamber bioreactor can be fabricated and
assembled.

Referring to FIG. 1A, a single-chamber assembly or a first
chamber assembly 100 consists of a microfluidic device that
has a number of features that can be created by either
bonding of individual components or by their casting or
embossing or injection molding as an integral unit. The first
chamber assembly 100 (or a lower chamber assembly)
includes a first base layer 101, first port blocks 102, first
struts 103, and a glass substrate 109. The first port blocks
102 and the first struts 103 are disposed on the first base
layer 101. In certain embodiments, a thickness of the first
base layer 101 may be as little as 50 to 100 microns (um) to
minimize the volume of the chamber formed in the first base
layer 101. In other embodiments, the thickness of the first
base layer 101 may be one millimeter (mm) or more to
support thick tissues. The two first port blocks 102 are
disposed opposite to each other and in parallel to each other.
The two first struts 103 are disposed between the two first
port blocks 102, and are disposed opposite to each other and
in parallel to each other. The two first port blocks 102 and
the two first struts 103 form a shape of a rectangle. The
structure of the first port blocks 102 and the first struts 103
support the thinner first base layer 101 on all sides and allow
manipulation of a rigid assembly rather than an unsupported
thin film of the first base layer 101.

A first chamber (or a lower chamber) 104 is formed as a
hole or opening in the first base layer 101, which may be
located at the center of the first base layer 101, or not in the
center. In certain embodiments, the first chamber 104 is a
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circular chamber. As described above, the thickness of the
first base layer 101 determines the height of the first chamber
104, and may be as little as 50-100 um to minimize the
volume of the first chamber 104. In other embodiments, the
thickness of the first base layer 101 may be greater than 1
mm to support thick tissues. A first input channel 106 and a
first output channel 107 are molded or embossed into the
lower surface of the first base layer 101 and in communi-
cation with the first chamber 104. The first input channel 106
is located at the left side of the first base layer 101, and the
first output channel 107 is located at the right side of the first
base layer 101. As shown in FIG. 1A, a first input port 105
is formed in the first port block 102 located at the left side,
and a first output port 108 is formed in the first port block
102 located at the right side. The first input port 105 is
connected to the first input channel 106, and the first output
port 108 is connected to the first output channel 107, such
that the first input port 105 and the first output port 108 are
communicatively connected with the first chamber 104 via
the first input channel 106 and the first output channel 107,
respectively. In operation, a liquid flows into the first input
port 105, passes sequentially the first input channel 106, the
first center chamber 104, the first output channel 107, and
flows out from the first output port 108. This entire object or
assembly is either bonded or clamped to the glass substrate
109 that forms the bottom of the first assembly 100 and
provides a window to visualize the contents of the first
chamber 104.

The use of first port blocks 102 and first struts 103 is
central to this embodiment, in that it allows the first base
layer 101 to be very thin, for example between 50 and 100
um, such that the height of the first chamber 104 in the center
of' the first base layer 101 to be only slightly greater than the
thickness of one or two cell layers that would be grown on
the surfaces that define the top and bottom of the first
chamber 104. The first port blocks 102 and first struts 103
surround the thin first base layer 101 just as a picture frame
surrounds a fragile piece of paper, allowing the frame-paper
assembly to be handled without creasing or folding the
paper. With this approach, it is possible to minimize the
volume of fluid associated with the cells growing in that
chamber, i.e., the ratio of media volume to cell volume,
thereby minimizing the dilution of endocrine, paracrine,
autocrine factors and secreted metabolites that may be
important in both influencing the activity of the cells in this
or other connected devices, and maximizing the ability to
detect and quantify these species.

FIG. 1B is the section view of FIG. 1A along the AA'
direction. As shown in FIG. 1B, a first input tube 110 is
insertable to the first input port 105 and supports first input
flow 112, and a first output tube 111 is insertable to the first
output port 108 and supports first output flow 114. The
punched or molded input and first output ports 105 and 108
connect to first input channel 106 and first output channel
107 to provide first flow 113 across the first chamber 104.
The first input/output channels 106 and 107 and the first
chamber 104 are sealed from the bottom by the transparent
glass or plastic slide or cover slip 109 that is bonded or
clamped to the lower surface of the first base layer 101 to
create the first assembly 100 shown in cross section in FIG.
1C. In this example, the vertical ports 105/108 that connect
the tubing 110/111 to the corresponding channels 106/107 in
the lower surface of 101 can be either molded at the time of
manufacture or punched, for example after casting PDMS
into a mold. It is important to recognize that it is much easier
to cast or punch a short port than it is to cast a complex,
closed microfluidic network.
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A key feature according to certain embodiments of the
present invention is that subsequent layers can be added to
create multiple, stacked, interconnected chambers as shown
in FIG. 1D by creating a smaller version 120 of assembly
100 where the lower glass layer that seals the bottom of the
first layer is replaced by a porous filter, screen, or grid 136
that forms the bottom of the second layer. As shown in FIG.
1D, the second chamber assembly 120 includes a second
base layer 121 (revealed by the cut-away in 103), second
port blocks 122 and second struts 123. The second port
blocks 122 and the second struts 123 sit on the second base
layer 121 and within corresponding port blocks 102 and
struts 103 of the first chamber assembly 100. A second
chamber (or upper chamber) 124 is formed as a hole or
opening in the second base layer 121, which may be located
at the center of the second base layer 121. In certain
embodiments, the second chamber 124 is a circular chamber.
As described above, the thickness of the second base layer
121 determines the height of the second central chamber
124, and may be as little as 50-100 pm to minimize the
volume of the second chamber 124. In other embodiments,
the thickness of the second base layer 121 may be greater
than 1 mm to support thick tissues. The top of the second
chamber 124 is sealed by a transparent cover 129 fabricated
from glass, plastic, or another material suitable for imaging
the contents of the two chambers 104 and 124.

Central to certain embodiments of this invention is the
fact that a molded or otherwise formed open channel, e.g.,
106 or 107, need not be sealed at the time of fabrication of
the subassembly, but the closing of the open channel to
allow controlled and constrained flow of fluid in the channel
is accomplished by placing the lower layer of the inner
subassembly 120 in direct and uniform contact with the
upper surface of the outer subassembly 100 or the upper
surface of the lowermost piece of glass. This greatly mini-
mizes the cost of fabricating each subassembly, in that there
are no closed channels on any of the planar surfaces.
Furthermore, this architecture allows disassembly of the
layers for separate imaging, genetic, or biochemical analysis
of the cells growing on each layer.

A porous membrane filter 136 is disposed under the
bottom surface of the second base layer 121 and fixed to the
bottom surface of the second base layer 121. The porous
membrane filter 136 can be fabricated from track-etched
polycarbonate, a nanofibrous mesh, 1002F photoresist,
etched silicon nitride or another high-strength, thin material
that could support possible pressure gradients between the
two chambers 124 and 104. The diameter of the pores in the
porous membrane 136 can be chosen to be below 100 or 200
nm to ensure that there can be no cell transmigration across
the barrier, 200 nm to 3 um to allow cellular processes from
cells on one side of the barrier to contact cells on the other
side, or 3 to 10 um to allow extravasation and intravasation
of leukocytes and metastatic cancer cells. The membranes
could have a series of nanoslits were it desired to have high
permeability to small molecules but not to ones larger than
the slits. These membranes can be permanently attached to
the base assembly 100 or could be inserted as a stand-alone
item that is being sandwiched between the multiple devices
as in FIG. 1E. Certain embodiments of this invention apply
equally well to these and other types of barrier membranes.

A second input channel 126 and a second output channel
127 are molded or embossed, cast or otherwise machined
into the lower surface of the second base layer 121, formed
into the lower surface of the second base layer 121 and
above the upper surface of the porous membrane filter 136,
and in communication with the second central chamber 124.
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The second input channel 126 is located at the left side of the
second base layer 121, and the second output channel 127 is
located at the right side of the second base layer 121. A
second input port 125 is formed in the second port block 122
located at the left side, and a second output port 128 is
formed in the second port block 122 located at the right side.
The second input port 125 is connected to the second input
channel 126, and the second output port 128 is connected to
the second output channel 127, such that the second input
port 125 and the second output port 128 are communica-
tively connected with the second central chamber 124 via
the second input channel 126 and the second output channel
127, respectively. In operation, a liquid flows into the second
input port 125, passes sequentially the second input channel
126, the second center chamber 124, the second output
channel 127, and flows out from the second output port 128.

FIG. 1E is an exploded view of the first chamber assembly
100 and the second chamber assembly 120 before being
assembled together. As shown in FIG. 1E, the input flow 132
enters the second input tube 130, the second input tube 130
is connected to the second input port 125, the second input
port is connected to the second input channel 126, and the
second input channel 126 is connected to the second central
chamber 124. The fluid flow in the second central chamber
124 from the second input channel 126 to the second output
channel 127 forms a second flow 123. The second flow 123
flows sequentially through the second output channel 127,
the second output port 128, and out of the second output tube
131 as the output flow 134.

The porous membrane filter 136 separates the upper
assembly 100 from the lower assembly 120, and allows
chemical or cellular communication between the upper
chamber 124 and the lower chamber 104. In certain embodi-
ments, a layer of cells 118 is adhered to the lower surface of
the porous membrane 136, and a layer of cells 138 is adhered
to the upper surface of the porous membrane filter 136.
These cells 118 and 138 could be of the same or different
type or phenotype. For example, the cells 118 could be brain
microvascular cells and the cells 138 could be brain astro-
cytes and pericytes, so that the entire system would replicate
the blood-brain-barrier. The upper glass 129 seals the upper
chamber 124 and allows visualization of both chambers 104
and 124. In certain embodiments, as shown in FIG. 1E, the
membrane filter layer 136 is porous only in the vicinity of
the chambers 104 and 124 but not on the outer regions of that
layer. In other embodiments, as shown in FIG. 1F, the
membrane filter layer 136 is porous over its entire extent,
including under the channels 126 and 127. One key feature
according to certain embodiments of this invention is that
the clamping of membrane filter layer 136 between the
lower base layer 101 and the upper base layer 121 obviates
leaks from the channel(s), thereby simplifying manufacture
and assembly of the two-layer device. As shown in FIG. 1G,
a clamped, two-layer system is provided.

FIG. 2A shows extension of this concept to a multi-layer
device with the same or more complex fluidic topology. The
multi-layer device includes sequentially from bottom to up,
a first (bottom) assembly 200, multiple middle assemblies
210 and 220, a top assembly 230, and an inner clamp 240.
The first assembly 200 is equivalent to the assembly 100 in
FIG. 1A. The bottom of the first assembly 200 is formed by
a glass or plastic plate 209. Placed inside of the first
assembly 200 is the middle assembly 210, which is equiva-
lent to the assembly 120 shown in FIG. 1E-1G. Additional,
smaller, nested assemblies shown in this example as 220 and
230, are located inside of 210. As discussed above, the
sealing of the open microfluidic channels is accomplished by
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pressing one sub-assembly against another to form closed
channels through which the flow of fluid can be directed.
Topmost chamber, in subassembly 230, is sealed with an
upper window 239, equivalent to 129 in FIGS. 1D-1G.
Given that on objective of this invention is to create a system
that can be assembled from discrete subassemblies and then
disassembled, the inner clamp 240 with central opening 241
is utilized to provide compression of the flat portions of each
subassembly and the membrane filters that separate them. To
ensure that this pressure is applied uniformly across all
horizontal surfaces, thereby sealing the microfluidic chan-
nels that they contain, an additional clamp block 250 is
designed to apply a compressive force to all of the subas-
semblies 200, 210, 220, 230, 240, for example. Holes in this
clamp 250 provide access to the various tubes from each
subassembly.

FIG. 2B shows assembly 260 that is created when the
components shown in FIG. 2A are compressed together,
thereby creating four chambers 261, 262, 263, 264 that are
separated by filter membranes 266, 267, and 268. This
embodiment thereby allows the culture of multiple cell types
on the upper and lower surfaces of each membrane. For
example, 264 could recreate the vascular space of a blood
brain barrier model, where the lower surface of filter 268
supports the brain microvavascular endothelial cells, and the
upper surface of the filter 268 supports pericytes and astro-
cytes. In this case, chamber 263 would represent the brain
compartment and would contain neurons, astrocytes, and
other cells. Chamber 262 could represent the cerebrovascu-
lar space, and ependymal cells grown on the upper surface
of filter 267 and the lower surface of filter 266 would thereby
line the region that represents the brain ventricles. Finally,
the endothelial cells on the upper surface of 266 could allow
the uppermost chamber 261 to represent the venules that
provide vascular return from the brain and entry of immune
cells into the brain, or the chorid plexus that is responsible
for the generation of the cerebral spinal fluid. Together, this
ability to assemble and disassemble the various layers will
allow study of the structure and function of complex bio-
logical system such as the vascular system of the brain. This
system provides independent fluidic access to each chamber
and the cells that it supports, thereby allowing closer reca-
pitulation of physiology than would be possible with con-
ventional, single transwell inserts. In certain embodiments,
all tubes enter the subassemblies from the top. In other
embodiments, the tubes enter from the bottom. Alternative,
in additional embodiments, the tubes can enter from the side
as long as interferences with the frames of outer layers are
circumvented.

These membranes in FIGS. 2A and 2B could be fabricated
as being a separate or an integral part of the device, from the
same or different materials, such as spun nanofibers, track-
etched polycarbonate, etched silicon carbide or alumina,
1002F photoresist, PDMS or other materials, and can have
same or different porosities. The upper and lower glass or
plastic windows 239 and 209, respectively, allow visualiza-
tion and/or fluorescent imaging of the contents of the various
chambers, limited only by the transparency of the mem-
branes and the cells that they support. Of all the materials
listed, 1002F has the greatest transparency and hence would
be best for quantitative imaging of the cells in each chamber.
In addition, the design of this system in the form of thin
layers supported by surrounding port blocks and frames
ensures that the total thickness of the system, i.e., the vertical
distance between the bottom of the lowest chamber (e.g.,
264) and the top of the upper chamber (e.g., 261) is
minimized so as to allow all cells in the various chambers to
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be within the working length of high-power, high numerical
aperture microscope objectives for either bright field, phase
contrast, or confocal microscopic imaging. Again, as shown
in FIG. 1G, either or both surfaces that define the top and
bottom of each chamber can support growing cells of one or
more types. The channels, ports, and tubes through each
subassembly could be lined with endothelial cells to better
mimic physiological vasculature and microvasculature.

FIG. 3A shows a scaled, solid rendering of the assembly
in FIG. 2B, but without the clamp 250. As shown in FIG. 3A,
this assembly 300 has five stackable subassemblies (310,
320, 330, 340, and 350) that define four chambers with four
inlet ports and four outlet ports, each of which could be
produced by injection molding of a thermoplastic, soft
lithography of PDMS, or hot embossing of thermoplastic, or
direct machining of materials such as cyclic olyfin copoly-
mer. A window on the top 359 and another window on the
bottom 309 enable visualization of the contents of the four
chambers. The upper surface of subassembly 350 is shown
as 360, and may include a means to provide compressive
force on the layers beneath.

FIG. 3B shows a line drawing of the same assembly 300
of FIG. 3A, where only the inlet tubes are shown for clarity.
FIG. 3C shows a quarter cross-section through the assembly
300. Note that the base layer 311 of subassembly 310 is thin,
as is the associated chamber 312 defined by this layer, as is
required by the objective of certain embodiments of this
invention to provide chambers of low height to minimize the
media volume and maximize the cell to media ratio. The
other base layers can have the same, smaller, or larger
thicknesses as required to provide the respective chamber
volumes.

FIG. 3D provides a close-up of the section in the imme-
diate vicinity of the chambers 301-304 that are perfused and
a chamber 305 that is not. Chambers 301-304 are perfused
by channels 321-324, shown here in partial section. These
five chambers have their upper and lower surfaces defined
by the lower glass or plastic layer 309, filter membranes
365-368, and the upper glass or plastic layer 360, respec-
tively, with the window 359 allowing microscopic visual-
ization from the top or trans-illumination for bright-field or
phase-contrast viewing from below. Again, as shown in FIG.
1G, either or both surfaces that define the top and bottom of
each chamber can support growing cells of one or more
types. The channels as well could be lined with endothelial
cells.

FIG. 4A shows a transparent line rendering of a subas-
sembly 400 that is equivalent to that shown in FIG. 3A. The
four input tubes 401-404 are connected by ports in the
integral port blocks to sets of input channels 420, and the
sets of input channels 420 are connected to input networks
430 of binary splitters that in turn allow uniform perfusion
of each of the chambers 440 across their entire width. The
effluent is gathered by the network 450 that in turn connect
to output channels 470 and the corresponding output ports
and tubes (not shown). FIG. 4B shows a quarter section view
of assembly 400. FIG. 4C shows a shaded cross-section of
the five subassemblies in FIG. 4A and FIG. 4B.

The microfluidic channels and splitters 430 and 450 in
FIG. 4B can be fabricated in a number of different manners.
Rather than casting a monolithic fluidic subassembly 100, as
shown in FIGS. 1A-C, with single channels 106 and 107
connect to the central chamber 104, FIG. SA shows another
embodiment where the input channels in a single monolithic
microfiuidic subassembly 500 are split in a binary or other
fashion before connecting to the chamber. FIG. 5A, shows
the channel outlines for an input splitter 530, with four levels
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of binary division that produce 24 (16) channels 540 that
then are rejoined with the binary combiner 550.

FIG. 5B shows an enlargement of the input region 531 of
500, where grey corresponds to the bulk of the device in
which the white channels are cast, injection molded,
machined, or hot embossed using appropriate molds or other
devices. The input tube 520 connects to the input splitter 530
by a port cast or punched into the port block, as shown in
FIG. 1A. The uniform flows from the 16 outputs of the input
splitter are labeled 525. Different splitting geometries can
produce other flows. The use of two or more input ports and
gradient mixers could produce a gradient in either flow rate
or concentration.

FIG. 5C shows a variant subassembly 510 where the
central region 545 is a single chamber in contrast to the
parallel channels 540 in FIGS. 5A-B. Note that the uniform
flow 525 occurs across the length of the chamber. The flow
from the chamber then enters the binary combiner 560
which in turn is connected to the output port and tube 560.

FIG. 5D shows a transparent rendering of the central
region of the assembly 500 that has multiple layered sub-
assemblies with input ports 515, input binary splitters 530,
chambers 545, output binary combiners 550 (also shown
individually as 551-554), and output channels 571-574. The
lower and upper windows that seal the stack of chambers are
590 and 580, respectively. The membranes between the
chambers are 501-504 as discussed previously.

FIG. 5E is a transparent line drawing that indicates the
complexity of the central features that comprise assembly
500, with a single chamber outlined with a darker line. Note
that this complexity is straightforward to obtain by the
stacking of individual subassemblies that are simpler to
conceive and easier to fabricate.

It is important to recognize that the flow in these assem-
blies could be in either direction, and a variety of other
splitter, combiner, and other fluidic topologies could be
implemented with this approach, including those where the
flow is induced in the vertical dimension between stacked
devices across the separating membrane by differing pres-
sures in adjacent chambers. All subassemblies need not have
the same flow patterns.

In the above description, stackable, multi-layer bioreac-
tors are created where the ratio of media volume to cell
volume could be minimized so as to avoid dilution of
paracrine, autocrine, endocrine factors and other secreted
compounds and metabolites. In typical cell culture on plas-
tic, the depth of media above a cultured monolayer of cells
may be hundreds to a thousand times greater than the
thickness of the cell layer. The devices in FIGS. 1A-5E are
designed to address this problem, and to allow different cell
types to be cultured in close proximity so that there can be
biochemical interactions of the separate cell populations.

Further, one of the most common means to grow cells that
are exposed to two different environments at the same time
or different cell types in close proximity is the transwell
insert 602 shown in FIG. 6A that is inserted into a well plate
600 that contains culture media or other fluids 603. The
barrier formed by the porous bottom of the insert 604
separates cells grown on the upper surface of 604, for
example astrocytes and pericytes, from those grown on the
lower surface, for example endothelial cells, as could be
done to create a model of the blood-brain barrier. The
difficulty with this approach is the large volumes of fluid 601
and 603 on both sides of the membrane 604. In addition, the
conventional transwell plate allows for only a single insert.
Were one to stack inserts 602, 612, 622, and 632 with the
same diameter, the angle of the sides 6 and the thickness of
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the insert wall w would determine the height and hence the
volume of the chambers 610, 620 and 630 by the formula
w=t cos 0, where t=h tan 0. If the desired height of each
chamber is 100 pm, then the thickness w would be given by
the following table

0, deg h, um t, pm W, {m
5 100 9 9
10 100 18 17
45 100 100 71
80 100 567 98
85 100 1143 100

One can reasonably conclude that the injection molding of
nesting transwell inserts with wall thicknesses of 100 pm or
less would be impractical.

In certain aspect, to solve the above problem, the present
invention provides a multichamber bioreactor comprising
stacked of multiple transwell inserts. In certain embodi-
ments, as shown in FIG. 6B, a multi-chamber transwell
nesting insert system having inserts of differing diameters
are provided, where inserts 652, 662, 672, and 682 define
chamber volumes 660, 670, and 680.

As shown in FIG. 6C, this embodiment addresses the
complexity of molding an enclosed tube within the wall of
a deep transwell insert by molding an open input channel
663 and an open output channel 664 into the outer surface
of an inner insert 662, or a similar open input channel 653
and output channel 654 in the inner surface of outer insert
652. If the taper of the outer surface of the inner insert 662
matches that of the inner surface of the outer insert 652, the
mating surfaces seal the channels against leakage and allow
delivery of fluid to the chamber 660 and its removal.

FIG. 6D shows the addition of four matching channels in
both inserts 652 and 662 to support elastomer gaskets 664a
that would minimize the need for a tight fit between insert
surfaces for sealing, the use of orthogonal supply 665 and
withdrawal 666 channels to allow the loading of the cham-
ber with collagen or cells that might otherwise clog the
channels required to perfuse the cells, and multiple input 667
and output 668 perfusion channels to provide a more uni-
form flow of fluid across the chamber defined by the two
inserts, and hence more uniform shear forces to the cells
adjacent to the flow. Given the flexibility of the location and
choice of surface(s) in which to form the channels, this
approach has great value to allow perfusion of multiple
chambers formed by nested transwell inserts without the
need of creating transwells that have enclosed tubes molded
within the walls of the insert.

FIG. 6E shows the exterior surface of insert 662, which
slides inside of the larger insert 652. The channels 667 in the
sides of 662 connect to ports 669 on the flange of 662.
Gaskets 664 reduce the possibility of leakage away from the
ports. FIG. 6F shows another embodiment in which the
channels 680 in the side of 662 are connected to a binary
splitter 679 and then a single flange port 664.

FIG. 6G shows an instrument that measures the transen-
dothelial electrical resistance (TEER) of a layer of cells
growing on the filter at the bottom of transwell insert 694
that is within the well 690. The height of the fluid 693 in the
insert need not be the same as the height of the fluid 691 in
the well. 695 is a “Chopstick Electrode Set” for example
from the WPI EVOM2 TEER instrument. Two electrodes
696 on the outside of the chopstick deliver current to the
fluids, driven by the DC or AC current source in the TEER
instrument 698. Voltage electrodes 697 on the inside of the
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chopstick allow the electronic instrument 698, connected to
the electrodes by wires 699, to measure the DC or AC
voltage that results as the current passes through the elec-
trical resistance of the cell layer 138. A major limitation of
this instrument is that the well plate that contains the
transwell inserts has to be removed from the incubator, the
well-plate lid removed, and the chopstick electrode inserted
into each of the wells. This is time consuming and exposes
the cells in the transwells and well plates to temperature
changes and significant risk of microbial contamination.
One aspect of this invention addresses these limitations.

FIG. 7A is a 3D rendering with dotted lines shown of how
the nested transwell inserts in FIG. 6C could be fabricated.
FIG. 7A shows two inner inserts, 762 and 772, with 772
inside of 762. The vertical channels shown in FIG. 7A are
763 and 764. In addition, there are short radial channels,
such as 764, that allow flow down 763 to be able to enter the
chamber above the filter that would be bonded to the
lowermost surface 761 of the insert 762. The insert 772 has
a top flange 779 and the insert 762 has a top flange 769. The
thickness of these flanges must be sufficient to allow the
connection of tubing to the drilled or molded port 777 that
connects to the inner channel 773 by means of an upper
radial channel 775. To simplify making the fluidic connec-
tion between 779 and 775, a notch 776 is molded into the
lower surface of flange 779 to allow the port to be in the
middle of the thickness of the flange while the channel 775
can be on the lower surface of 779. FIGS. 7B-D provide
other views of the two-insert assembly. Note that were this
to be used, a third insert outside the first two would be
required to seal the channels in the outer insert 762. A gasket
or a tight fit will prevents leaks between the flanges 769 and
779.

In the above embodiment, the tubing ports are drawn as
radial in the upper flange, but they could have a variety of
orientations, including vertical, as long as measures such as
notches or differing diameters were taken to avoid interfer-
ences between the tubes for the different inserts.

Since the flanges must be thick enough to provide tubing
ports, possibly on the order of a millimeter or two or more,
the different inserts must have different total heights to
ensure that the top flanges are in contact while the bottom
chambers, formed by the contacting surfaces at the bottom
of the insert pairs, are of the desired height, typically of the
order of 100 um. In certain embodiments, the height of the
chambers is in a range of about 50-150 pm.

Note that gaskets with appropriate holes or channels
supporting appropriately shaped O-rings can be placed
between the flanges of adjacent inserts to eliminate leakage
of the channels in one flange that are closed by the surface
of the adjacent flange. The gaskets could also be in the form
of deformable viscous materials or materials whose stiffness
may change as a function of temperature to simplify disas-
sembly of the individual subassemblies at the end of an
experiment.

Spacer disks with large central holes could be placed
between the inserts at the bottom to ensure proper heights
between the bottom of each insert, but with proper machin-
ing tolerances, this will not be required.

FIG. 8 A shows four nested inserts, also without the outer,
channel-less insert that seals the open channels in the
outermost insert shown. A complete assembly with lower
and upper windows could readily create four adjacent com-
partments that are interconnected by means of the filters
between each layer. FIG. 8B shows how the cells would be
seeded on the chamber surfaces. The uppermost and lower-
most surfaces 801 and 841 are glass or transparent plastic.
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The upper chamber 810, in this example, serves as the
arterial microvasculature and is lined with brain microvas-
cular endothelial cells 802. The next chamber 820 is the
brain compartment that is lined with astrocytes and pericytes
and filled with neurons, astrocytes, collagen or other extra-
cellular matrix materials. Chambers 810 and 820 are sepa-
rated by filter 811. The CSF chamber 830 is separated from
the brain chamber 820 by filter 821, and is lined with
ependymal or other cells appropriate for the lining of the
brain ventricles. The final chamber 840 in this implemen-
tation represents a venule vasculature, lined with the appro-
priate brain endothelial cells. Then membrane 831 between
the CSF and venule spaces may have pores large enough to
support the entry of leukocytes, if desired.

FIG. 9A shows an image of two nesting transwell inserts
fabricated by 3D printing according to one embodiments of
the present invention. FIG. 9B shows the two nesting
transwell inserts of FIG. 9A after assembling. FIG. 9C is an
enlarged view of FIG. 9B, where a gap 900 between the two
inserts. FIGS. 10A-10C are cross-sectional images of the
two transwell insert of FIG. 9B, where a filter is attached to
each of the transwell inserts and span the end of the
corresponding transwell insert. Cell culture chamber are
defined by the space between the filters and any space
between the inner and outer covers (not shown).

FIG. 11 shows a conventional 12-well plate 1100 with
three different transwell inserts. The transwell inserts 1110
was produced by 3D printing as described above, with a
notch cut out to allow access to the well. 1120 is a transwell
insert produced by molding in PDMS. 1130 is a commercial
transwell insert.

In certain aspects, the present invention relates to assem-
bling the stacked transwell inserts on electrodes. It is impor-
tant in the study of the neurovascular unit to be able to record
the electrical activity of the neurons to determine the extent
to which they are affected by the permeability of the
blood-brain barrier and the drugs, toxins, and metabolites
that either diffuse or are transported across it. One common
means to accomplish this is to pattern the substrate that
supports the neurons with a passive microelectrode array
(MEA) that is connected to remote amplifiers. Another is use
a CMOS MEA, which allows the use of more electrodes
with higher measurement bandwidth and fewer cables by
creating the actual MEA as part of a CMOS recording
microcircuit that includes amplifiers, analog-to-digital con-
verters, multiplexers and signal transfer circuits. FIGS.
12A-12D show one example including the 3Brain GmbH
(Landquart, Switzerland) 4096 Multi-Electrode Array
(MEA), which can be used to measure the neuronal electri-
cal activity in the neurovascular unit. FIG. 12A shows the
CMOS chip and process flow. FIG. 12B has photographs of
the 3Brain MEA showing some of the 4096 electrodes. FIG.
12C provides array and electrode dimensions. FIG. 12D
shows how action potential reconstruction is accomplished
using a commercial frame grabber. In certain embodiments,
stacked chambers or nested transwells described above can
be interfaced to such an MEA as shown in FIGS. 12A-12B,
s0 as to perform in vitro neuroelectric recording. FIG. 13
shows a cross-section of the 3Brain MEA, with dimensions
that are compatible with the technology discussed in the
present invention. FIGS. 14A-H show various renderings by
which the nested transwell inserts can be interfaced with
such an MEA. Note that in this case, since the MEA is not
transparent, it will not be possible to image the neurons with
transmitted light, but it may be possible were it desired to
create an MEA whose electrodes were fabricated from
optically transparent indium tin oxide. In the configurations
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shown in FIGS. 12A-12D, the neurons would be grown on
the MEA, and then the other nested layers would be added,
either before or after being populated with cells. Similarly,
ports on the nested array would make it possible to inject
collagen or another matrix, with or without cells, into a
chamber after it has been assembled.

Each of the embodiments shown is designed to allow the
assembly of layered planar or stackable transwell bioreac-
tors after the cells have grown to confluence, if appropriate,
or otherwise certified as suitable for the intended studies,
thereby minimizing the risk of failure when all cells are
grown together in bioreactors that are permanently intercon-
nected.

In certain aspects, the present invention relates to a system
including at least one microfluidic instrument and a biore-
actor having stacked layer or transwell inserts as described
above. The fluidic perfusion, control, and sensing of each of
the chambers in a multi-chamber stacked or nested biore-
actor presents significant challenges. Those microfluidic
instruments are able to solve the challenges. In certain
embodiments, as shown in FIGS. 15A-15C, three classes of
microfluidic instruments are provided.

As shown in FIG. 15A, the Perfusion Controller 1500 has
a base 1501, multiple reagent reservoirs 1502 and lines 1503
that are connected to an input control valve 1504. Fluidic
line 1505 connects the output of 1504 to pump 1506, which
then can withdraw upon command fluid from reservoirs
1502 and 1509 through one of multiple lines 1503. Reservoir
1509, in this implementation, is for recirculation of media
through line 1510 that is connected to the output of biore-
actor 1508. The input 1512 to the bioreactor first passes from
the pump 1506 through line 1507 and bubble trap 1511.
Similar configurations will allow the media to be pulled
through the bioreactor 1508 rather than being pushed
through as shown.

As shown in FIG. 15B, the MicroClinical Analyzer 1530
uses similar hardware to provide in real time the electro-
chemical or other measurements of the metabolic activity of
cells growing in a bioreactor chamber. Pump 1536 draws
fluid from valve 1534, which can select between one of the
multiple calibration reagent vials 1532 via tubes or channels
1533, or from the bioreactor effluent 1532. The output of the
pump is directed to an electrochemical sensor array 1537
and then to waste.

As shown in FIG. 15C, the MicroFormulator 1560 has an
input selector valve 1564 whose inputs are connected by a
plurality of tubes 1563 with media, reagent, drug or toxin
vials 1562. The output of input valve 1564 is connected to
a pump 1566, and then in turn to an output director valve
1561. The multiple outputs of 1561 are directed through any
one of tubes 1569 to any of a plurality of devices or
bioreactors, for example the chambers of a layered or nested
bioreactor. The temporal control of input valve 1564 allows
adjustment of the concentration of chemicals that are then
delivered to any one of the output lines 1569 through
time-division multiplexing.

The functions of the Perfusion Controller, MicroClinical
Analyzer, and MicroFormulator can be implemented using a
compact SmartMotor unit 1600 shown in FIG. 16 A. The unit
utilizes three small footprint motors (1606-1608) such as
NEMA-8 stepping motors or DC gearhead motors, each of
which has a motor connector board 1604. The motor control
circuit board 1603 contains a shaft encoder and a motor
driver chip for each of the three motors, pogo-pins to deliver
four power lines to each motor, and fifty-pin connectors to
connect to the logic board 1602, which contains a micro-
processor for each motor and a more powertul processor to
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control complex calculations and synchronize timing with
the motor microprocessors and manage communication
through the wireless module on the interface board 1601.
Both 1601 and 1602 also contain SD memory cards for
program and data storage. All boards and motors are
enclosed by a hermetic enclosure 1605. As shown in FIG.
16A, the three motors drive a rotary planar peristaltic
micropump (RPPM), a rotary planar valve (RPV), and a
second RPPM. Other configurations of pumps and valves
are easily utilized, with appropriate modifications to the
fluidic circuit 1610.

FIG. 16B shows a fluidic circuit 1610 that would enable
independent or synchronized perfusion of both sides of a
two-chamber BBB bioreactor as described above to accom-
plish as shown in FIG. 16C the functions 1620 and 1630 for
each side of the BBB. FIG. 16D shows a fluidic circuit 1690
that can accomplish the functions for a single MicroClinical
Analyzer to analyze electrochemically or by other means the
metabolic activity of seven separate bioreactor chambers,
and also calibrate the sensors using known calibration
solutions.

FIG. 16E shows how the perfusion controller in FIGS.
16A-C could be used to perfuse and control two nested
transwell inserts 1616 and 1617. The three-motor controller
1680, with RPPM 1606, RPV 1607, RPPM 1608 and vials
1681 allows the connection of pump 1606 to the input side
of insert 1617 via line 1618, and RPPM 1608 to the input
side of insert 1616 via line 1621.

One difficulty with perfusing and controlling a larger
number of inserts is the need for a large number of motors,
pumps, and valves. This requirement can be overcome by
modifying the MicroFormulator to control multiple nested
or layered chambers. FIG. 17A shows how MicroFormulator
1700 can control the perfusion of multiple nested transwell
inserts 1740 by lines 1720. Given the ability of a Micro-
Formulator to deliver fluid to any of 24 lines connected to 24
input ports in nested or layered bioreactors, the system in
FIG. 17A would allow the single-line control of six four-
chamber systems 1740, 12 two-chamber systems, or four
six-chamber ones.

In another embodiment, a second microformulator could
be added to actively pump fluid from each well of the
bioreactor and thereby direct this fluid to another set of
reservoirs, as well as to ensure that the bioreactor chambers
are all at the same atmospheric pressure since the pressure
drop within the input microformulator would be balanced by
the pressure drops on the outlet microformulator. Otherwise,
with a single microformulator driving fluid through the
devices, a higher pump pressure would be required to drive
the fluid both into and out of the bioreactor and hence the
pressure drop on the input and output circuits would add
rather than cancel, thereby biasing the reservoirs at a higher-
than-atmospheric pressure. In this case, the two microfor-
mulators would provide two-line control of of six four-
chamber systems, 12 two-chamber systems, or four six-
chamber ones.

Given the need to control both inputs and outputs of each
insert treated as pairs with a barrier between them, such full
control of a transwell system can be accomplished with four
MicroFormulators 1750, 1760, 1770, and 1780, as shown in
FIG. 17B. The staggered configuration of the connections to
the flanges in the nested insert set 1740 is required to provide
independent control of the solutions in the two chambers on
either side of a particular barrier.

A critical requirement of barrier experiments using tran-
swell inserts is to be able to measure the electrical imped-
ance across each barrier, termed the TransEndothelial Elec-
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trical Resistance (TEER) when measured at DC or a single
AC frequency, and the impedance spectrum when measure
over a range of frequencies. As we discussed in FIG. 6G, this
is typically done in transwell inserts with WPI EVOM2
electronics and chopstick electrodes. We have developed a
four-wire swept-frequency impedance analyzer that can
measure both the TEER and the impedance spectrum. We
introduce a device based upon the modules discussed above
to create an instrument 1800 shown in FIG. 18A that can
automatically measure the TEER or the impedance spectrum
for each well in a 24 transwell plate 1860 using four
twenty-four port MicroFormulators (1820, 1830, 1840, and
1850) to control the electrical connections between the wells
and inserts and the impedance analyzer 1870 that are made
through the saline filled tubes entering each well and insert.
This instrument has the advantage over the EVOM?2 of not
only measuring the TEER/impedance spectrum but also
controlling the delivery and removal of fluid from each well
and insert under computer control without the need to either
remove the system from the incubator or remove the top
from the well plate. The system uses MicroFormulators
1820 and 1830 to draw fluid from vials 1801-1805 and
1806-1810, respectively and direct it to either outside the
insert in the well or the inside the insert within the well for
each well in any of twenty-four well plate 1860 via twelve
distribution networks 1890. Fluid is removed from the
corresponding wells using MicroFormulators 1840 and
1850, the latter removing fluid from the volume of the well
outside the insert and depositing it for analysis in the
sample-collecting well plate 1880. In another embodiment,
the fluid removed from the insert within the well could be
directed to another sample-collecting well plate. The Micro-
Formulator has the capability to back wash all of the pumps
and valves and deposit the waste solution in vials 1825 and
1845. Most importantly, since each fluidic line in the dis-
tribution networks 1890 is connected through the valve to
the input of the four 24-port valves, these fluidic lines, when
selected, are filled with a saline solution and hence can be
used to connect electrically both sides of an individual
well/transwell-insert to both current (+] and -I) electrodes
(1871 and 1872) and voltage (+V and -V) electrodes (1875
and 1876) that are located between the 24 port valve and the
corresponding pump in each of the four microformulators.
Note that the pump, because of its peristaltic operation, will
break the electrical circuit beyond the electrodes. Wires
1873 and 1874 deliver the current produced by the imped-
ance analyzer 1870 to current electrodes 1871 and 1872, and
wires 1877 and 1878 are used to measure the voltage
between voltage electrodes 1875 and 1876 that is developed
across the transwell barrier as a result of the current flowing
through it. The fluid filled tubes have some resistance
associated with the electrical conductivity of the saline
within them, but the use of a four-wire measurement allows
a proper measurement of the barrier impedance indepen-
dence of the resistance of the fluid in the tubes.

The electrodes 1871, 1872, 1875, and 1876 are inserted
into punched or molded holes in the fluidic path between the
pump and valve in such a way as to allow a conductive fluid
path through any of the individual wells in a plate when all
four perfusion vales are addressing the same well. The
ability to analyze the impedance spectrum of the conducting
region between the openings of the four active fluid ports
(two on each side of the membrane between the two cham-
bers) allows elucidation of cell layer confluence and health,
TEER, fluid level control, detection of bubbles, and even
pumping speed calibrations for each perfusion module.
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With the addition of electrodes, cables, and the electronics
to four otherwise independent microformulators, we have
created a new instrument that far exceeds the capabilities of
existing TEER or impedance spectroscopy systems, which
measure one membrane at a time and require either special-
ized bioreactors with internal electrodes in each chamber, or
the removal of the well plate from an incubator, removal of
the 1id, and insertion of a four-electrode tweezer-like probe
(FIG. 6G) to make electrical contact with the fluids on both
sides of the transwell membrane. Hence this configuration
1800 enables the high through-put measurement of TEER
from either 24 individual transwells as shown in FIG. 18A,
or combinations of nested transwells as shown in FIG. 17B.

FIG. 18B provides details of how a machined, hot-
embossed, or laser-cut, two-sided fluidic network can pro-
vide two fluidic connections to either a row of four wells
(1890) in a 24-well plate or 12 wells (1891) in a 96 well
plate. This figure also shows how the high fluid level 1893
in well 1892 could be detected during filling using the TEER
configuration in FIG. 18A. A slight modification of the
TEER circuitry would also allow detection of the lowest
level 1895 in a well 1894 being emptied. The lengths of the
fluidic tubes on the distribution networks 1890 extending
into the well cavity of plates can be tuned to a variety plate
types and transwell inserts in such a way that there is always
fluid over cell layers and to insure that no air is pulled under
transwell inserts during fluid changes. This length tuning
also allows for predictable fluid volumes in the wells as a
passive function of extracting liquid from either the upper
level tube or the lower level tube. By tracking the volumes
in combination with this inherent level control systems can
be configured to provide predictable fluid levels at three
different, repeatable levels, e.g., ¥4, %4 and full operating
volumes.

FIG. 18C show how the ends of fluid removal tubes 1897
in the fluidic network 1890 are exposed when the level of
fluid 1898 in the transwell and the well is at its lowest limit.
This state could be detected using the impedance analyzer.
Similarly, in FIG. 18D the fluid delivery tubes 1899 can be
used with the impedance analyzer to sense the upper level of
fluid. Metering by the pumps could be used to increase the
fluid level to higher than the upper-sensed level, as shown in
FIG. 18E.

These and other aspects of the present invention are
further described in the following section. Without intending
to limit the scope of the invention, further exemplary imple-
mentations of the present invention according to the embodi-
ments of the present invention are given below. Note that
titles or subtitles may be used in the examples for the
convenience of a reader, which in no way should limit the
scope of the invention. Moreover, certain theories are pro-
posed and disclosed herein; however, in no way should they,
whether they are right or wrong, limit the scope of the
invention so long as the invention is practiced according to
the invention without regard for any particular theory or
scheme of action.

Example 1
A Wet-Assembleable Layered NVU Bioreactor

In certain embodiments, one NVU design uses perma-
nently bonded PDMS layers that must be completely
assembled prior to cell seeding, thus precluding disassembly
for tissue acquisition and additional examinations for pro-
teomic or genetic analysis such as RNAseq. Furthermore,
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the NVU is useful only if all cell types within all chambers
achieve the required cell confluence and viability on the
same timescale.

As an improvement of the above NVU, the present
invention provides a design by moving from PDMS to COC
or another material. The design includes a stackable planar
device that can be assembled into an NVU after cell seeding
and maturation, creating four 300 pm-thick chambers (vas-
cular, neuronal, CSF, and vascular, bottom-to-top) with glass
coverslips sealing the bottommost and topmost chambers.

In this improved design, a clamped bioreactor is provided
with a brass clamp providing the force to keep multiple
layers in fluid-tight proximity as required to grow endothe-
lial cells.

As shown in FIG. 3A, in one example, a five-layer layer
bioreactor is implemented in PDMS using monolithic cast-
ing techniques or in COC or another thermoplastic/resin.
The membranes that can be used in the bioreactor include
commercial track-etched or 1002F photoresist membranes.

In certain embodiments, PDMS or hot-embossed COC
may be used for producing the bioreactor. In certain embodi-
ments, the layers may also be bonded before seeding. In
certain embodiments, leukocyte extravasation from the
upper vascular chamber into the CSF chamber may require
membranes with larger pores.

Example 2

Generation of Functionally Validated Human
Cortical Neurons for the NVU-IOM System

Because of the recognized differences between human
and mouse/rat/dog physiology, there is general recognition
that human cells need to be incorporated as early as possible
in the drug discovery pipeline. However, there are severe
limitations in the commercial supply of human cortical
neurons. Therefore, in certain embodiments, a NVU is
provided with incorporated human glutamatergic dorsal
forebrain (cortical pyramidal) neurons and co-differentiating
astrocytes.

De-identified human induced pluripotent stem cells (iP-
SCs) derived from control subjects, previously published by
the Bowman and Neely group, are used to generate the
neuronal/glial cultures. A dual SMAD inhibition monolayer
method is used which exposes iPSCs for the first 11 days to
LDN 193189 and SB431542, inhibitors of the Bone Mor-
phogenetic Protein (BMP) and Tumor Growth Factor-f1
(TGF-p1) pathways, respectively, to induce ontogeny-reca-
pitulating Pax6, FoxG1l, Tbr2 positive cerebral cortical
pyramidal neuron progenitor cells (NPC) with high effi-
ciency. Terminal differentiation into post-mitotic, electri-
cally active, cortical glutamatergic pyramidal-like neurons is
initiated by passaging the NPCs with accutase onto a poly-
ornithine and laminin coated surface, leading to the sequen-
tial production of deep layer, then upper layer, cortical
pyramidal neurons, as well as GFAP, S100 morphologically
defined astrocytes. Greater than 95% of the neurons gener-
ated by this approach are positive for markers of glutamater-
gic cortical pyramidal neurons. Furthermore, the astrocytes
that differentiate in these cultures are derived from the same
neuroprogenitors (radial glia) and are thus reflective of the
true developmental lineage relationships that exist in vivo
between cortical neuronal/glial subpopulations. The func-
tional and developmental identity of the post-mitotic cortical
neurons and astrocytes are validated at days 30, 60, and 90
(final stage) by assessment of neuron and stage-specific
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markers by quantitative RT-PCR, immunocytochemistry,
and electrophysiological activity, as described in the follow-
ing example 3.

Experimental approach. The neurons and co-differenti-
ated astrocytes are functionally validated ahead of plating
into the lowest level (brain side) of the NVU. The neural
tissue is either plated onto a Complementary Metal Oxide
Semiconductor multielectrode array (CMOS MEA) and/or a
layered NVU, as well as on a cell culture-quality plastic for
longitudinal functional assessment of the BBB qualities of
the NVU and neuronal health.

Assessment of Neuronal Marker Expression and Synaptic
Maturation:

The expression of differentiation stage- and neuron-spe-
cific markers is assessed by qPCR and immunocytochem-
istry using published methods. NPCs (day 15) are assessed
for expression of PAX6, FOXG1, SOX1, OTX1/2, EMX1,
TBR2, nestin and vimentin. At day 30 it is expected to
observe the expression of f3-tubulin, MAP2, double cortin
(DCX), glutamate and VGIuT1, as well as TBR1 and CIPT
2, two markers of deep layer V+VI cortical neurons, which
are the first to develop. By day 60 of differentiation it is
expected to see abundant expression of glutamatergic syn-
aptic markers, including PSD-95, Homerl, synapsin I,
Muncl3-1, and markers of neurons belonging to cortical
layers II-1V, including BRN2, CUX1, and SATB2. By day
90 cortical cultures contain astrocytes that will be identified
by their expression of S100p and GFAP and morphological
characteristics. The number of physical synapses present in
the neuronal/glial network is quantified by high-content
imaging of synaptic puncta double-labeled for a presynaptic
marker (synapsin 1/Munc13-1) and a postsynaptic marker
(PDS95/Homer1).

Example 3

Electrophysiological Validation of Human Cortical
Neurons in the Stackable Layered NVU

In certain embodiments, to confirm cortical neuron func-
tionality, their electrophysiological activity is recorded using
a high-resolution CMOS MEA already been proven to
capture spatiotemporal signaling dynamics.

As preliminary data, a 3Brain MEA was used to confirm
that the iPSC-derived neurons of the present invention are
electrically active and respond pharmacologically. It is
observed that spontaneous activity of >90 day cortical
neurons that was completely and reversibly inhibited by
tetrodoxin and partially inhibited by NBQX).

In this example, a subset of each batch of cortical neurons
differentiated for 90 days is plated onto a high resolution
CMOS (Complementary Metal Oxide Semiconductor) MEA
(3Brain GmbH, Landquart, Switzerland) coated with poly-
L-ornithine and laminin. The array contains 4096 indepen-
dently addressable 21 pumx21 pum recording electrodes
pitched at 42 ym and sampled at 7.7 kHz and 16 interleaved
stimulating electrodes in a 5.12 mmx5.12 mm working area.
Seven days after the plating of the neurons, a time needed to
reestablish synaptic connectivity via neurite outgrowth and
maturation, the density of healthy neurons is confirmed by
calcein staining. Once established, the remaining stackable
layers NVU is placed over the neurons as described below.
Both spontaneous and evoked electrical activity are
recorded. The effects of AP5 (NMDA receptor antagonist),
NBQX (AMPA receptor antagonist), and tetrodotoxin (TTX,
voltage-gated Na* channel antagonist) are also incorporated
into the functional validation to ensure that the activity is
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consistent with excitatory glutamatergic neural transmis-
sion. Spike analysis is performed using BrainWave software
(3Brain GmbH) to calculate mean firing rates (MFR) and
temporal spike rasters.

Example 4

Alternative Material and Designs of the Stackable
Layered NVU

PDMS has become the dominant material for microfiuidic
devices because of favorable features such as optical trans-
parency, elastomeric properties, gas permeability, biocom-
patibility, ease of bonding to glass or itself, chemical inert-
ness, and low production cost. These advantages are offset
by drawbacks that complicate experimental design, such as
hydrophobicity and surface hydrophobic recovery, high
compliance, low aspect ratio, permeability to water vapor,
and adsorption of molecules and nanoparticles. The high
adsorption of materials affects soluble factor signaling stud-
ies involving small hydrophobic molecules. Therefore, a
plethora of surface modifications are used to reduce non-
specific adsorption of hydrophobic substances, and improve
stability and wettability, based upon the application.

Barriers between compartments in tissue-chips are either
made from PDMS, more rigid membranes such as dialysis
membranes, track-etched membranes, fluorocarbon foils, or
highly porous alumina. The PDMS membranes sag unless
thicker than desired, whereas the others are of low optical
quality. The development of strong, thin, high-porosity, and
optically transparent membranes is a priority. Biocompatible
high-porosity membranes produced with 1002F photoresist
have ideal optical and mechanical properties.

In certain embodiments, bioreactors are treated with sur-
face modifications, for example plasma/sol-gel treatments.
In one example, UPLC-IM-MS techniques are applied
which focuses on materials, surface modifications, and
UPLC-IM-MS analysis of the affinities of chemicals to
bioreactor surfaces. With the aid of interfacing microfluidic
devices to UPLC-IM-MS for effluent analysis and conduct-
ing MS studies off-line on collected samples, COC micro-
injection molding, a COC NVU is created according to
certain embodiments of the present invention. A variety of
filters are tested in the NVU. In certain embodiments, an 8
um thick 1002F photoresist membrane with 2 um pores and
40% porosity was use in the NVU.

In certain embodiments, the 1002F porous membranes
were incorporated into the layered NVUs and transwell
NVUs according to certain embodiments of the present
invention. UPLC-IM-MS was used to analyze the role of
materials in NVU and control fluidics performance. To
minimize elastomer volumes in the NVU-IOM systems, the
effects of very thin, flexible membranes present within the
RPPM and RPV were examined using proven designs with
a thin PDMS membrane between rigid materials.

Example 5
A Wet-Stackable Perfused Transwell Insert System

The transwell insert has proven to be a staple of biological
barrier membrane research. The impact of microfluidics and
organs-on-chips can be increased if they can be imple-
mented in a manner that represents less of a departure from
accepted tools and techniques. In certain embodiments, the
multicompartment NVU in a nested transwell format would
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allow investigators to scale existing cell culture applications
for immediate use and also be compatible with the neuro-
electric MEA.

In certain embodiments, custom PDMS transwell inserts
have been molded, which have been attached with various
filter membranes, including polycarbonate and anodized
aluminum.

In certain embodiments, the stackable transwell design
was implemented using a high-quality 3D printer, then in
either PDMS or another polymer using molds, and finally
with custom developed molds. The design incorporated
microfiuidic features that permit each compartment to be
individually supplied with nutrients or pharmacological
treatments via a RPPM/RPV combination.

In certain embodiments, the sealing between individual
layers are ensured by different designs. In certain embodi-
ments as described above, the design allows for small
vertical gaskets between the sides of the nested inserts. In
certain embodiments, a test protocols is developed based on
transport of fluorescent dyes and particles to ensure com-
plete fluidic separation.

Example 6

Optimization of the NVU Perfusion Controller,
Microclinical Analyzer and Microformulator for the
Stackable NVU

Long-term maintenance and analysis of Organ-on-Chip/
Tissue-Chip devices and their interconnection present a
series of engineering challenges, particularly the “volume
problem” in which the signaling factors and metabolites
secreted by cells are diluted below the levels of physiologi-
cal effect and/or detection. In certain embodiments, the
present invention meets the requirement using compact,
autonomous control and sensing modules.

According to certain embodiments, the present invention
has developed new classes of compact, low-cost microflu-
idic pumps. Specifically, the present invention provides
prototype well-plate sized modules that serve as a Perfusion
Controller (PC) that allows fluid delivery or sampling on a
nanoliter scale; a MicroClinical Analyzer (WCA) that per-
forms multianalyte microphysiometry (MAMP) of meta-
bolic response; and a MicroFormulator (uF) to perform
on-demand mix and delivery of nutrients, drugs/toxins, or
calibrants for the nCA.

This invention supports the overall goal of creating an
integrated NVU System that builds upon the RPPM and
RPYV, which are miniaturized by utilizing small frame motors
and eliminating the stand-alone pump controller. The motor
driver, microcontroller, and position sensing, wireless com-
munication, and feedback electronics are physically placed
on top of each motor’s housing itself, thus creating a “smart
motor” that operates each pump or valve autonomously and
with on-board calibration. Materials and fabrication
improvements increase flexibility and reliability of the sys-
tem while reducing cost, size, and wire clutter.

Example 7

Integrated Organ Microfluidics (IOM) for NVU
Control and Sensing

Long-term autonomous Organ-on-Chip (OoC) operation
for drug and physiology studies, the “volume problem,” and
the need to optimize size, cost, and ease of NVU use suggest
that acceptance of OoCs for drug development and basic
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biology will be accelerated by the introduction of Integrated
Organ Microfluidics (TOM) modules that put PC, pCA, and
WE on a single microfluidic chip. The OoC can either be on
that chip or an immediately adjacent chip or in a stacked/
layered bioreactor.

The various operations in creating, maintaining, and ana-
lyzing an NVU involve different fluidic operations, such as
cell loading, media recirculation and replacement, injection
of indicator dyes, control of salinity, and withdrawal of
samples, each requiring multiple pumps and valves. In
certain embodiments, a five-motor system is unwieldy, but
smaller motors could be implemented. The RPVs with the
smaller motors are more sophisticated than the five-motor
system, and hence have the potential to reduce overall
module size and fluidic topology.

Example 8

Optimization of UPLC-IM-MS Workflows for
Materials Assessment and NVU Validation

Small tissue and media volumes present a significant
challenges to analytical chemists charged with assessing
organ-on-chip health and response to drugs and toxins.
IM-MS is a sensitive analytical technique that has shown
great potential as a detection tool for cellular processes,
chromatography, and composition analysis, particularly for
small volumes.

In certain embodiments, microbioreactor effluent was
analyzed by UPLC-IM-MS, while new informatics tools
have been developed.

In certain embodiments, IM-MS was used to examine the
effluent from all NVU and transwell chambers and a meta-
bolic profile of the NVU and its response to drugs and toxins
was developed. Furthermore, as described above, UPLC-
IM-MS was used to analyze the effects of bioreactor mate-
rials, including COC, on overall device performance by
assessing drug and/or toxin interactions with the NVU,
RPPM, and RPV surfaces.

Example 9

Longitudinal Assessment of Neuronal Health and
Function within the NVU-IOM System

The reciprocal interactions that occur across the BBB
between the vascular and neuron/astrocyte compartments in
the CNS ensure the appropriate uptake of nutrients and
removal of waste products, while also providing a barrier to
the distribution of chemical, pharmaceutical, and infectious
agents. A successful NVU needs to model these character-
istics and ensure neuronal health. In this example, the ability
of the NVU BBB of the present invention to maintain
neuronal health and function by a longitudinal study of basic
neuronal attributes in the context of optimized nutrient/
waste exchange across the BBB (nutrient enriched blood/
serum on the vascular side and non-nutrient artificial cere-
bral spinal fluid (ACSF) on the brain side) was assessed.
This example ensures continued neuronal health and func-
tion by confirming the maintenance or improvement of the
validated functional qualities of the cortical neuron/glial
network defined above in Example 2.

The neurons used in the present invention were described
in the above Example 2 and Example 3. In this example, the
alternative strategy of evaluating whether compromised
neuronal health is being driven by energetics or metabolism
(e.g., failure of appropriate nutrient delivery across the

10

15

20

25

30

35

40

45

50

55

60

65

32

BBB) can be examined by measuring the relative glucose
consumption, lactate production, and acidification rate of the
neurons and other cells in the NVU BBB. The mitochondrial
membrane potential of neurons can be used as a sensitive
marker of cellular stress. This direct measurement of mito-
chondrial function can be measured by high-content imaging
of neurons/astrocytes stained with MitoID (Enzo Life Sci-
ences Kit #51019-KP002), a dye that is taken up by mito-
chondria in a mitochondria membrane potential sensitive
way.

In this example, four outcome measures of neuronal
health and function can be assessed: (A) cellular viability;
(B) continued or enhanced expression of neuronal and glial
lineage markers and cellular morphologies (e.g., FOXG1,
TBR2, GFAP, etc.) by QRT-PCR and immunohistochemical
and cellular morphological analysis; (C) maintenance of
neuronal synaptic structures assessed by immunohistochem-
istry of pre- and post-synaptic markers (e.g., Homerl and
synapsin 1); (D) spontaneous and evoked electrophysiologi-
cal network activity. Further, these same functional neuronal
attributes can be analyzed in the context of other NVU
validation approaches under the following Examples 9-11
(e.g., following metabolic, chemical, or viral challenge).
Neuronal/glial health and function can be assessed longitu-
dinally at days 1, 7, and 28 in the NVU-IOM system and
neuronal/astrocyte networks cultured in the absence of the
NVU-IOM system in traditional neuronal maintenance
medium. Functional validation over the longitudinal study
(outcome measures B, C, and D, above) can be performed as
described under Example 2 for the characterization of the
neuronal/glial cells placed into the NVU-IOM system.
Numerous neuronal/astrocyte viability (outcome measure A
above) assays are routinely performed and would be used
here by a combination of assays to either quantify live cells
(e.g., the fixable “Live-or-Dye” stain (Biotium; #32004))
that allows separate quantification of living neurons and
astrocytes, or by determining degree of cell death (e.g., by
LDH release or uptake of propidium iodide, measures of
plasma membrane integrity, or TUNEL staining, a measure
of apoptosis, Promega #G3250)).

As a result, the outcome measures of neuronal-glial
network health and function were as good as or improved
compared to standard culture conditions. Furthermore,
metabolic, chemical, and viral challenge to neuronal health
were relatively protected behind the BBB curtain of the
NVU-IOM versus in standard culture conditions.

Example 10

Validate the NVU for Studies of Nutrient Gradient
Across the BBB and a Nutrient Deprivation Model
of Neuronal Stress

In this example, the microfluidic, in vitro NVUs of the
present invention is used to study disease models. To accom-
plish this purpose, the NVU tissue chambers of the present
invention were used to validate the model of nutrient gra-
dients and deprivations across the BBB. This model was
validated against expected performance of a real BBB in
studies of nutrient deprivation, including transient ischemic
attacks (TIA). The three-dimensional microphysiological
tissue system 1) recapitulates the multicellular architecture
and functional representation of the interfaces between the
blood, CNS, and CSF, 2) provides spatiotemporal microen-
vironmental control enabled by real-time metabolic bioen-
ergetic and optical monitoring, 3) enables near-real-time
metabolomic and proteomic analysis of system effluent in
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support of ADMET and safety screening, 4) reproducibly
and viably operates under physiological conditions for at
least four weeks, 5) represents both normal and diseased
phenotypes by allowing flexible combinations of cells from
different genetic pools derived from either humans or lower
vertebrates, and 6) allows high-content screening (HCS)
using custom-fabricated, microfluidic devices operated in a
ThermoFisher ArrayScan microscope system.

In certain embodiments, a realistic microphysiological
model of blood/brain/CSF interactions and responses to
drugs and toxins was created by combining the technologies
of: microfluidic devices and protocols of the present inven-
tion enable acute and long-term cell studies, advanced
microscopy, cellular control and modeling of metabolic
systems, and organs-on-chips. Microfabrication and co-
culture bioreactors are being used to study angiogenesis.
Specific ion mobility mass spectrometers and pioneering
electrochemical measurements of cellular bioenergetics pro-
vide novel assays of cellular toxicity, drug response, signal-
ing and metabolism, for simultaneous evaluation of primary
and secondary effects of drugs, toxins, pathogens, particu-
lates and other agents on the brain and to facilitate the
assessment of biomarkers, bioavailability, efficacy, and tox-
icity of therapeutic agents prior to entry into clinical trials.”

In certain embodiments, multianalyte microphysiometers
(MAMP), implemented as the MicroClinical Analyzer
(uCA), provides real-time simultaneous detection of key
metabolites in a microfluidic chamber, including extracel-
Iular glucose, oxygen, lactate, and pH. The MAMP has
provided new insights into immediate metabolic effects of
protein toxins, the metabolism of cancer cells, responses of
murine islets to nutrient stimulation, and oxidative bursts in
macrophages. The metabolic compensation and survival of
nutrient-deprived neurons relies on neuronal-glial chemical
and physical communication. Metabolic adaptation is a
critical, but poorly understood, determinant of cell fate. In
one example, a MAMP work revealed a strong correlation
between metabolic recovery and neuronal survival. Addi-
tionally, some MAMP studies observed rapid metabolic
changes in neurons and glia suffering from extended nutrient
deprivation in vitro and provided the first dynamic measures
that identified some of the essential events mediating injury.
This also increases the understanding of the steps required to
develop predictive biomarkers of injury, an objective not yet
possible in clinical settings. Microphysiometry has revealed
that the greatest single predictor of neuronal survival was
extracellular acidification; however, lactate levels, currently
a key clinical indicator of injury, were not correlated with
neuronal cell fate. More important, the MAMP allowed
direct comparison of the real-time metabolic response of
primary pure neurons and mixed cultures exposed to 90 min
of glucose deprivation (GD). These studies demonstrates
that the NVU-IOM system, for which the MAMP/uUCA is an
integral component, and is capable of detecting bioenergetic
changes in cells from each compartment of the NVU model.

In this example, the events of acute aglycemia and
hypoxia associated with embolic stroke were recapitulated
to determine the capability of the NVU/IOM system to track
rapid changes in cell metabolism associated with exposure
to high glutamate and/or acidification as would occur in an
ischemic stroke. As a result, the new NVU/IOM recapitu-
lated the natural nutrient gradients across the BBB and the
rapid changes in response to OGD. In certain embodiments,
the increased physical proximity of the neurons, glia, and
endothelial cell layers increased the response to stress
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because the NVU/IOM environment better represents in
vivo conditions, where OGD is a more potent means to
induce neuronal cell death.

Example 11
Pharmacological NVU Validation

Drug companies cannot predict the active transport of
small molecule therapeutics across the BBB. Given the
importance of tightly regulated drug exposure in the often
delicate balance between efficacy and toxicity, this repre-
sents a significant challenge for the pharmaceutical industry.
Unfortunately, rodent models of BBB permeability often
show large differences in the expression of key transporters
that govern drug import and export, making preclinical
models unreliable for accurate assessment of CNS exposure.
We have demonstrated the ability of some agents and drugs
to reduce BBB permeability, and others to increase it.
Specific experiments are summarized as follows.

FITC-Dextran Diffusion Across the BBB.

Solutions of 10 KDa or 70 KDa FITC-labeled dextran
(Sigma-Aldrich, St. Louis, Mo., USA) were prepared at 1
pm/mL (100 nM for 10 KDa and 700 nM for 70 KDa) in cell
culture media. Then the vascular compartment of the NVU
was perfused with either 70 or 10 KDa solution for 23 hours.
At the 23-hour mark, the flows through both the vascular and
brain compartments were stopped for 1 hour, allowing the
dextran to diffuse across the BBB and accumulate in the
brain compartment. After a 1-hour pause, perfusion of both
chambers was restarted and individual effluents were col-
lected for fluorescent intensity analysis using a plate reader
(TECAN M1000). By measuring FITC-dextran diffusion
across the membrane, we are able to evaluate the effective-
ness of our BBB.

FITC-dextran diffusion tests showed that our NVU BBB
significantly blocked both 70 kD and 10 kD FITC-dextran
from diffusing from the vascular chamber into the brain
chamber (p=0.01). We also showed that disruption of the
BBB by exposing it to 1 mM glutamate, which is known to
considerably disrupt tight junctions, does indeed signifi-
cantly increase diffusion of FITC-dextran across the BBB
(FIG. 5A-C). While both are significant effects, the first
compares the cellular barrier only to the mechanical prop-
erties of the device, while the second is a biologically
relevant disruption (but does not destroy the BBB such that
the graphs in FIG. 2 have differing scales). In combination,
these experiments demonstrate the generation of a functional
cellular barrier within our NVU.

Ascorbate Transport Across the BBB.

Twenty-four hours before testing, the NVUs were
switched into media containing no vitamin C. At time 0, 100
UM ascorbate was added to the vascular media, and samples
were collected for both FITC-dextran analysis and ascorbate
transport every 15 min for 1 hour. Perfusate samples for
ascorbate (20 pL) were treated with 20 pl. of 25% meta-
phosphoric acid, mixed by vortexing, and treated with 80 pul,
of 0.1M Na2HPO4 containing 0.05 mM EDTA, pH 8.0.
After vortexing briefly, the samples were centrifuged at 4°
C. for 1 min at 13,000xg. The supernatant was taken for
assay of ascorbate by high performance liquid chromatog-
raphy.

Ascorbate, which is known both to tighten the BBB and
be actively transported across the barrier, can be used as an
indication of active transport. In looking at ascorbate con-
centration over time, we saw a significant increase in all four
NVUs tested (p=0.01). In contrast, FITC-dextran diffusion
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across the barrier was significantly reduced (p=0.0012) by
the addition of ascorbate, and then remained steady over
time. Since diffusion cannot account for the increase in
ascorbate on the brain side, this is an indication of active
transport.

Cold Shock and Glutamate Exposure.

We used cold shock and exposure to glutamate to evaluate
the quality of the BBB established within the NVU and its
physiological responses to chemical and environmental per-
turbations. For glutamate exposure, NVUs were first main-
tained under normal culture conditions for 14 days to
develop a mature BBB, then the media perfusing the vas-
cular compartment was switched to one containing 1 mM of
glutamate (Sigma-Aldrich, St. Louis, Mo., USA) and flowed
through the reactor for 1 hour. At the end of a 1-hour
exposure to glutamate, the state of the BBB was evaluated
using FITC-dextran as described above. For cold shock
exposure, the NVUs were cultured normally for 18 days and
then were placed for 12 hours at 33° C. The disruption of the
BBB was evaluated as changes in transendothelial electrical
resistance (TEER) measured between the vascular compart-
ment and the brain layer. We concluded that both cold shock
and brain glutamate will weaken the BBB.

TEER Measurements in the NVU.

Transendothelial electrical resistance (TEER) measure-
ments were performed using our custom-built impedance
analyzer based on an ADS5933 chip (Analog Devices,
Nashua, N.H., USA) and utilizing a four-probe approach.
Electrical connections to the NVU chambers were created
by incorporating 5-mm long sections of 23 ga stainless steel
tubing into the media-supply Tygon tubing 2.5 cm away
from the NVU inlets. While it might still suffer from the
cable properties outlined in the literature, these measures did
change as the biology of the cells changed, indicating its
biological relevance. The current source probes were con-
nected between the inlet of the brain layer and the vascular
chamber outlet, ensuring that the excitation current flowed
across the brain compartment and through the endothelial
layer. The sensing voltage probes were connected between
the vascular chamber inlet and the brain layer outlet. Unlike
commercially available TEER instruments, such as the WPI
EVOM?2, where impedance measurements are performed at
a single frequency of 12.5 Hz, we have the ability to monitor
impedance as a function of probe frequency between 3 and
100 KHz, allowing us to determine the range of frequencies
with the highest sensitivity to cell-to-cell junction formation.
Impedance measurements were taken once a week with the
full range frequency sweep. Changes of impedance at 15
kHz showed the largest change as a function of BBB
maturation.

There is a significant increase in TEER around Day 12 of
approximately 30% (p=0.05). The percent increase is typical
of reports for TEER and tight junctions, although our values
are higher, as the NVU itself has a high natural impedance.
This correlates well with the histology verifying tight junc-
tion formation. In addition to detecting tight junction for-
mation, TEER was also useful for evaluating cell viability.
In devices in which perfusion was occluded by 50% at Day
14 in culture, TEER showed a large drop at Day 21, which
was later shown to correlate with cell survival. When tight
junctions (but not cell survival) were impaired via cold
shock of 33° C. for 12 hours, TEER decreased significantly
(p=0.001) (FIG. 7C). Furthermore, these measures of
impedance show that the NVU device acts as a capacitor,
with its peak impedance between 15-20 kHz, and that we
can use the shape of this capacitance to monitor the health
of our devices over time. These findings demonstrate not
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only the reliability of our custom TEER device in our NVU,
but also show that our BBB is functioning as expected with
regard to its endothelial cell resistance.

Response of the BBB to Inflammatory Cytokines.

We utilized new advances in microfluidics, organs-on-
chips, and metabolomics to examine the complex relation-
ship of inflammation and its effects on blood-brain barrier
function ex vivo and the metabolic consequences of these
responses and repair mechanisms. In this study we paired
our novel dual-chamber, organ-on-chip microfluidic NVU
with small-volume cytokine detection and mass spectrom-
etry analysis to investigate how the blood-brain barrier
responds to two different but overlapping drivers of neu-
roinflammation, lipopolysaccharide and a cytokine cocktail
of IL-1p, TNF-a., and MCP1,2. In this study we showed that
1) during initial exposure to lipopolysaccharide, the blood-
brain barrier is compromised as expected, with increased
diffusion and reduced presence of tight junctions, but that
over time the barrier is capable of at least partial recovery;
2) a cytokine cocktail also contributes to a loss of barrier
function; 3) from this time-dependent cytokine activation,
metabolic signature profiles can be obtained for both the
brain and vascular sides of the blood-brain barrier model;
and 4) collectively, we can use metabolite analysis to
identify critical pathways in inflammatory response. Taken
together, these findings present new data that allow us to
study the initial effects of inflammatory stimulation on
blood-brain barrier disruption, cytokine activation, and
metabolic pathway changes that drive the response and
recovery of the barrier during continued inflammatory expo-
sure.

The foregoing description of the exemplary embodiments
of the present invention has been presented only for the
purposes of illustration and description and is not intended
to be exhaustive or to limit the invention to the precise forms
disclosed. Many modifications and variations are possible in
light of the above teaching.

The embodiments were chosen and described in order to
explain the principles of the invention and their practical
application so as to activate others skilled in the art to utilize
the invention and various embodiments and with various
modifications as are suited to the particular use contem-
plated. Alternative embodiments will become apparent to
those skilled in the art to which the present invention
pertains without departing from its spirit and scope. Accord-
ingly, the scope of the present invention is defined by the
appended claims rather than the foregoing description and
the exemplary embodiments described therein.

What is claimed is:

1. A stackable transwell device, comprising:

a top transwell insert;

at least one middle transwell insert; and

a bottom transwell insert,

wherein each of the bottom transwell insert, the at least

one middle transwell insert and the top transwell insert
comprises a tubular body and a flange radially extend-
ing from an upper end of the tubular body, such that, as
assembled, the flange of the top transwell insert stacks
on the flange of the at least one middle transwell insert
that in turn, stacks on the flange of the bottom transwell
insert, and the tubular body of the top transwell insert
is sleeved by the tubular body of the at least one middle
transwell insert that in turn, is sleeved by the tubular
body of the bottom transwell insert;

wherein a top cover is attached to a lower end of the

tubular body of the top transwell insert, a middle
membrane is attached to a lower end of the tubular
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body of the at least one middle transwell insert, a
bottom substrate is attached to a lower end of the
tubular body of the bottom transwell insert;

wherein the top cover, the middle membrane, and the

tubular bodies of the top transwell insert and the at least
one middle transwell insert define a top chamber, and
the top chamber is in fluid communication with a first
input channel and a first output channel; and

wherein the middle membrane, the bottom substrate, and

the tubular bodies of the at least one middle transwell
insert and the bottom transwell insert define a bottom
chamber, and the bottom chamber is in fluid commu-
nication with a second input channel and a second
output channel.

2. The stackable transwell device of claim 1, wherein the
at least one middle transwell insert comprises two or more
middle transwell inserts, and a middle chamber is defined
between two adjacent middle transwell inserts, and the
middle chamber is in fluid communication with a third input
channel and a third output channel.

3. The stackable transwell device of claim 2, wherein the
at least one middle transwell insert comprises two middle
transwell inserts, the middle membrane comprises a first
middle membrane and a second middle membrane defining
the middle chamber, a first type of cell layer is attached to
a bottom surface of the top cover and an upper surface of the
first middle membrane, a second type of cell layer are
attached to a bottom surface of the first middle membrane
and an upper surface of the second middle membrane, and
a third type of cell layer is attached to a bottom surface of
the second middle membrane and an upper surface of the
bottom substrate.

4. The stackable transwell device of claim 2, wherein each
of'the first input channel, the first output channel, the second
input channel, the second output channel, the third input
channel, and the third output channel is formed between
adjacent two of the tubular bodies, and recessed from a side
surface of one of the adjacent two of the tubular bodies.

5. The stackable transwell device of claim 4, wherein the
lower end of each tubular body has a diameter less than that
of the upper end of the tubular body, and the top chamber,
the middle chamber and the bottom chamber are in fluid
communication with each other through the top membrane
and the middle membrane.

6. The stackable transwell device of claim 5, wherein a
height of each of the top chamber, the middle chamber and
the bottom chamber is in a range of about 50-150 um.

7. The stackable transwell device of claim 1, wherein the
top cover and the bottom substrate are made of glass.

8. A stackable device, comprising: a plurality of elements
stacked sequentially to each other, wherein a chamber is
formed in each of the elements or between adjacent two of
the elements, and each chamber is in fluid communication
with an input channel and an output channel, the chambers
are aligned with each other, and adjacent two chambers are
separated from each other by a membrane; and wherein each
of the plurality of elements is a transwell insert.

9. The stackable device of claim 8, wherein each of the
plurality of elements is a planar layer.

10. A system, comprising: at least one stackable device,
each stackable device having multiple chambers; at least one
of perfusion controllers, microformulators, and microclini-
cal analyzers in fluid communication with the at least one
stackable device; and wherein the at least one stackable
device comprises a plurality of stackable devices, each
disposed in a corresponding well of a well plate; wherein the
at least one of perfusion controllers, microformulators and
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microclinical analyzers comprises: at least one input micro-
formulator having a plurality of input lines, each input line
being in fluid communication with a well of the well plate;
and at least one output microformulator having a plurality of
output lines, each output line being in fluid communication
with a well of the well plate.

11. The system of claim 10, wherein the perfusion con-
troller is configured to provide media for growing cells in the
chambers and comprises:

a plurality of reservoirs, wherein one reservoir has a

media;

an input control valve connected with the reservoirs; and

a pump connected with the input control valve for draw-
ing a reagent from the reservoirs via the input control
valve,

wherein the multiple chambers of the at least one stack-
able device are connected with the pump for receiving
the reagent or connected with the media reservoir for
sending out effluent to the media reservoir.

12. The system of claim 10, wherein the microformulator
is configured for feeding a reagent to cells in the chambers
and comprises:

a plurality of reservoirs containing different reagents for

testing;

an input control valve connected with the reservoirs;

a pump connected with the input control valve for draw-
ing a reagent from the reservoirs via the input control
valve; and

an output director valve having multiple output tubes,

wherein the multiple output tubes are configured to feed
the reagent to chambers of the stackable device with
predetermined concentrations of the different reagents.

13. The system of claim 10, wherein the microclinical
analyze is configured to analyze the effluent from the cham-
bers and comprises:

a plurality of reservoirs containing calibration reagents;

a valve connected with the reservoirs and connected with
a tube for receiving effluent from the chambers of the
stackable device;

a pump connected with the valve for drawing the cali-
bration reagents or the effluent; and

a sensor array connected with the pump for analyzing the
calibration reagents or the effluent.

14. The system of claim 10, wherein the at least one
stackable device comprises 24 stackable devices, each dis-
posed in a corresponding well of a 24-well plate; wherein the
at least one of perfusion controllers, microformulators and
microclinical analyzers comprises: a first input microformu-
lator comprises 24 input lines, each in fluid communication
with outside of a corresponding one of the 24 wells; a second
input microformulator comprises 24 input lines, each in fluid
communication with inside of a corresponding one of the 24
wells; a first output microformulator comprises 24 output
lines, each in fluid communication with outside of a corre-
sponding one of the 24 wells; and a second output micro-
formulator comprises 24 output lines, each in fluid commu-
nication with inside of a corresponding one of the 24 wells.

15. The system of claim 14, wherein the 24 input lines of
the first input microformulator are evenly divided into 6
distribution networks, and each distribution network of the
first input microformulator correspond to a column of 4
wells of the 24-well plate;

wherein the 24 input lines of the second input microfor-
mulator are evenly divided into 6 distribution networks,
and each distribution network of the second input
microformulator correspond to a column of 4 wells of
the 24-well plate;
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wherein the 24 input lines of the first output microfor-
mulator are evenly divided into 6 distribution networks,
and each distribution network of the first output micro-
formulator correspond to a column of 4 wells of the
24-well plate; and

wherein the 24 input lines of the second output micro-
formulator are evenly divided into 6 distribution net-
works, and each distribution network of the second
output microformulator correspond to a column of 4
wells of the 24-well plate.

16. The system of claim 10, wherein the at least one of the
perfusion controllers, the microformulators, and the micro-
clinical analyzers comprises:

a first input microformulator, comprising a first pump in
fluid communication with reservoirs, a first valve in
fluid communication with the first pump through at
least one first fluidic path, and a first electrode at least
partially disposed in the at least one first fluidic path;

a second input microformulator, comprising a second
pump in fluid communication with the reservoirs, a
second valve in fluid communication with the second
pump through at least one second fluidic path, and a
second electrode at least partially disposed in the at
least one second fluidic path;

a first output microformulator, comprising a third pump,
a third valve in fluid communication with the third
pump through at least one third fluidic path, and a third
electrode at least partially disposed in the at least one
third fluidic path; and

a second output microformulator, comprising a fourth
pump, a fourth valve in fluid communication with the
fourth pump through at least one fourth fluidic path,
and a fourth electrode at least partially disposed in the
at least one fourth fluidic path;
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wherein the system further comprises an impedance ana-
lyzer electrically coupled with the first, second, third
and fourth electrodes; and
wherein the impedance analyzer is configured to deliver a
first electrical signal through the first and second elec-
trodes respectively to two sides of a barrier in the at
least one stackable device, and to measure a second
electrical signal of the two sides of the barrier through
the third and fourth electrodes respectively.
17. The system of claim 16, wherein the system further
comprises a plurality of input fluidic lines, and each input
fluidic line is electrically connected with the first electrode
or the second electrode through the first valve or the second
valve; and
wherein the system further comprises a plurality of output
fluidic lines, and each output fluidic line is electrically
connected with the third electrode or the fourth elec-
trode through the third valve or the fourth valve;

wherein the first electrode and the second electrode oper-
ably deliver the first electrical signal through corre-
sponding input fluidic lines respectively to the two
sides of the barrier; and

wherein the third electrode and the fourth electrode oper-

ably measure the second electrical signal of the two
sides of the barrier through corresponding output flu-
idic lines respectively.

18. The system of claim 17, wherein one of the first and
second electrical signals is a current, and the other of the first
and second electrical signals is a voltage.

19. The system of claim 16, wherein the barrier comprises
membranes between the chambers or between the transwell
inserts and their corresponding wells.

#* #* #* #* #*



