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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 invention. The citation and/or discus-
sion of such references is provided merely to clarify the
description of the invention and is not an admission that any
such reference is “prior art” to the invention described
herein. All references cited and discussed in this specifica-
tion are incorporated herein by reference in their entireties
and to the same extent as if each reference was individually
incorporated by reference. In terms of notation, hereinafter,
“[n]” represents the nth reference cited in the reference list.
For example, [1] represents the first reference cited in the
reference list, namely, Block 111, F. E., et al. (2017). Nor-
mally closed microvalve and applications of the same. U.S.
Pat. No. 9,618,129, Vanderbilt University.
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STATEMENT AS TO RIGHTS UNDER
FEDERALLY-SPONSORED RESEARCH

This invention was made with government support under
Contract Nos. 1UG3TR002097-01 and
HHSN271201700044C awarded by the National Institutes
of Health. The government has certain rights in the inven-
tion.

FIELD OF THE INVENTION

The invention relates generally to dialysis, and more
particularly to a system and method for microdialysis imag-
ing and regional fluidic delivery and control for dialyzing/
retrodialyzing/culturing/controlling/analyzing the living
bio-object and applications of the same.

BACKGROUND INFORMATION

The background description provided herein is for the
purpose of generally presenting the context of the 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 invention.

Dialysis is the chemical process by which particles in a
liquid, such as organic or inorganic molecules of various
sizes and properties, are separated based upon differences in
their ability to pass through the pores of a semipermeable
membrane. In medicine, dialysis refers to the clinical puri-
fication of blood by allowing excess water, urea, and other
waste molecules in the blood to cross, by passive diffusion,
down a concentration gradient and across the semipermeable
membrane, from a region of high concentration (the blood)
to a solution of pure water, electrolytes, and salts, termed the
dialysate. Within the dialysis system, dialysate delivered to
the membrane has a low concentration of the waste products
and, if excess water is to be removed from the blood, a
higher osmolarity to support the diffusion of water across the
membrane into the dialysate. As the concentration of the
chemical species to be dialyzed increases within the
dialysate contained by the membrane, that dialysate is
replaced with fresh dialysate so that dialysis can proceed
unimpeded.

In the case of kidney dialysis as a substitute for the normal
function of the kidney, the purpose of the dialysate is to pull
toxins and excess water from the blood into the dialysate by
diffusion down a concentration gradient that is supported by
a semi-permeable membrane that, if desired, can be imper-
meable to large molecules in blood such as albumin.

Microdialysis is a functionally equivalent process using a
small cylindrical probe with a semipermeable membrane at
its end to collect for analysis specific chemicals released by
cells in a small region of the intact brain, for example, or
cells being cultured in a Petri dish. There is a substantial
body of literature on microdialysis of the brain [6, 44]. An
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excellent example of in vitro microdialysis is provided by
MacVane et al. [27]. Brain microdialysis works through
diffusing molecules through a semipermeable membrane
which is located at the tip of the probe. There are two modes
associated with the process, dialysis where molecules are
removed from the system for analysis, and retrodialysis
where molecules such as a drug are delivered to the bio-
logical system under study. Both modes are a result of
diffusion that causes molecules to be transported from the
inside of the tip into the brain microenvironment and other
to molecules in the brain microenvironment to be trans-
ported by diffusion to the inside of the tip.

In addition to the microdialysis as described above, there
are a wide variety of other methods to perform the collection
and analysis of the chemicals associated with a living or
fixed biological sample such as the cells. Imaging mass
spectrometry (matrix assisted laser desorption ionization
(MALDI MS)) places the fixed or frozen samples in vacuum
and uses a scanning laser to ionize chemical species in the
matrix-coated sample [2, 3, 31]. There is a growing literature
on air-sampling mass spectrometry, e.g., desorption electro-
spray ionization (DESI) and liquid junction mass spectrom-
etry and other related techniques [3, 5, 7-9, 13-23, 25, 26,
29-43].

All of these air-sampling approaches utilize a single point
collection probe that is placed adjacent to a horizontal or
vertical sample. The delivery probe may deliver solvent,
ionized gas, deionized water or other liquids, desorption
matrix, and/or laser light to the sample, or may not be
required for a particular analysis approach. It is also possible
to utilize acoustic loading to deliver a sample of fluid from
a well plate or dish directly to a mass spectrometer [36].

When trying to determine the spatiotemporal nature of
gene-regulatory and metabolic signaling and control net-
works, the aforementioned point-sampling approaches have
a significant disadvantage: while the collection probe is
gathering analyte from a particular location for subsequent
analysis, the adjacent locations are biologically active and
are both consuming and releasing chemicals to support their
metabolic and signaling activities, which, in the case of
heterogeneous tissues of common interest, may have a
substantially different temporal composition profile than the
adjacent region being sampled at that time.

For low concentration signals, the analyte not being
detected is lost by diffusive or advective mixing into the bulk
media surrounding the sample while analyte is being
detected at another location. In addition, the ability to
sample only one location at a time provides an incomplete
description of the chemical activity at that region that has
occurred since the previous time it was sampled. The signal
at one location is not being integrated over time, and there
is a risk of under-sampling of the concentration time profile
with the concomitant risk of violating the Shannon/Nyquist
sampling theorem and producing temporally aliased con-
centration profiles.

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 invention relates to a system for
microdialysis imaging and regional fluidic delivery and
control for dialyzing/retrodialyzing/culturing/controlling/
analyzing the living bio-object. The living bio-object
includes cells, tissues, or an organ of a living subject.
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In one embodiment, the system includes a microdialysis
imager including a imaging head having N pixels aligned in
a pixel array for monitoring a state of a living bio-object that
is in fluidic communication with the pixel array, N being a
positive integer greater than one; and a fluidic module
coupled to the microdialysis imager for delivering a fluidic
substance to and collecting effluent from the living bio-
object. The fluidic module includes a fluidic network having
a plurality of valves, a plurality of fluidic channels in fluidic
communication with the plurality of valves and one or more
pumps coupled to corresponding fluidic channels, and a
microcontroller coupled to the fluidic network for individu-
ally controlling the plurality of valves and the one or more
pumps of the fluidic network as so to operably and selec-
tively deliver the fluidic substance to and continuously
collect the effluent from the living bio-object responsive to
the delivered fluidic substance via each pixel of the pixel
array in real time.

In one embodiment, the system further includes an ana-
lyzer unit coupled to the at least one multi-channel output
director valve of the collection control unit. In one embodi-
ment, the analyzer unit includes among various chemical
detectors either a fluorimeter, an electrochemical analyzer, a
capillary electrophoresis detector, a liquid chromatography
detector, a radiation detector, an impedance/conductance
analyzer, a mass spectrometer, etc., or some combination
thereof.

In one embodiment, the microdialysis imager further
includes a microdialysis membrane, also known as the
semipermeable membrane, on the imaging head for placing
the living bio-object thereon; and a layer of cell culture or
perfusion media disposed on the microdialysis membrane.
The cell culture or perfusion media would serve as a means
that would support the diffusion of chemicals to and from the
cells to the microdialysis membrane.

In one embodiment, the microdialysis imager is in fluidic
communication with the plurality of fluidic channels via the
second end of the pixel array.

In one embodiment, the delivery of the fluidic substance
to and the collection of the effluent from the living bio-object
in each pixel of the pixel array are via the second end of the
pixel array.

In one embodiment, the first and second ends of the pixel
array are top and bottom ends of the pixel array, respectively,
so that the microdialysis imager is in an inverted geometry.

In one embodiment, the microdialysis imager further
includes a microelectrode array (MEA) superimposed on the
semipermeable membrane, where the MEA is corresponding
to the pixel array with each pair of electrodes coupled to a
respective pixel for detecting electrical activity of the living
bio-object in an immediate vicinity of the respective pixel.

In one embodiment, the MEA is provided as a substrate
disposed between the cells/tissues and the semipermeable/
microdialysis membrane, where the substrate has through
holes, each through hole being corresponding to a respective
underlying pixel to allow fluidic communication with the
respective underlying microdialysis pixel to enable detec-
tion of cellular chemical signals, and where the electrodes
are connected to detection electronics by thin-film leads to
enable detection of cellular electrical signals.

In one embodiment, the semipermeable membrane is
made of polyarylonitrile, AN69, cuprophane, polycarbonate,
polyamide, polysufone, polyarylethersulfone, or a combina-
tion thereof.

In one embodiment, each valve is a rotary planar valve
(RPV), and each pump is a rotary planar peristaltic micro-
pump (RPPM).
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In one embodiment, the fluidic module includes a delivery
control unit disposed on one side of the microdialysis
imager, and a collection control unit disposed on the other
side of the microdialysis imager, where the delivery control
unit, the microdialysis imager and the collection control unit
are in fluidic communication with each other, so that input
and output of each pixel of the pixel array are operably
controllable by the delivery control unit and/or the collection
control unit.

In one embodiment, the delivery control unit includes at
least one multi-channel input selector valve coupled to a
plurality of input ports that operably provides a plurality of
fluids, at least one input pump coupled to the at least one
multi-channel input selector valve, and at least one multi-
channel input director valve coupled to the at least one input
pump; the collection control unit includes at least one
multi-channel output collector valve, at least one output
pump coupled to the at least one multi-channel output
collector valve and at least one multi-channel output director
valve; and the microdialysis imager is coupled between the
at least one multi-channel input director valve of the deliv-
ery control unit and the at least one multi-channel output
collector valve of the collection control unit.

In one embodiment, the fluidic module is configured such
that the fluidic substance delivered to the living bio-object is
identical in each pixel of the pixel array, or different in
different pixels of the pixel array. In one embodiment, the
fluidic substance contains one or more fluids with a con-
centration of each fluid controllable in real time. In one
embodiment, the fluidic substance has a one-dimensional or
two-dimensional concentration gradient distribution across
the pixel array.

In another aspect, the invention relates to a method for
microdialysis imaging and regional fluidic delivery and
control for dialyzing/retrodialyzing/culturing/controlling/
analyzing the living bio-object. The living bio-object
includes cells, tissues, or an organ of a living subject.

In one embodiment, the method includes providing a
microdialysis imager and a fluidic network, where the
microdialysis imager includes a imaging head having N
pixels aligned in a pixel array for monitoring a state of the
living bio-object that is in fluidic communication with the
pixel array, N being a positive integer greater than one, and
where the fluidic network is coupled to the microdialysis
imager and a plurality of fluids and includes a plurality of
valves, a plurality of fluidic channels in fluidic communi-
cation with the plurality of valves, and one or more pumps
coupled to corresponding fluidic channels; and individually
controlling the plurality of valves and the one or more
pumps of the fluidic network to operably and selectively
deliver a fluidic substance to and continuously or intermit-
tently collect the effluent from the living bio-object respon-
sive to the delivered fluidic substance via each pixel of the
pixel array in real time, where the fluidic substance contains
one or more of the plurality of fluids.

In one embodiment, each pixel includes a delivery chan-
nel and a collection channel in fluidic communication with
each other, and each of the delivery and collection channels
of each pixel is in a round, square, rectangular, hexagonal,
or other-shaped crossection tube or chamber whose open
end area defines a pixel area.

In one embodiment, the controlling step includes control-
ling the fluidic substance delivered to the living bio-object to
be identical in each pixel of the pixel array, or to be different
in different pixels of the pixel array.
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In one embodiment, the controlling step includes control-
ling the fluidic substance to have a concentration of each
fluid being constant or varying with time.

In one embodiment, the controlling step includes control-
ling the fluidic substance to have a one-dimensional or
two-dimensional concentration gradient distribution across
the pixel array.

In one embodiment, the fluidic substance contains per-
fusate or drugs, toxins, nutrients, growth factors and other
endogenous and exogenous chemical species, and the efflu-
ent contains dialysate or waste as well as drug and toxin
metabolytes and signaling molecules from the living bio-
object.

In one embodiment, the controlling step includes parallel
pixel delivery of the fluidic substance, parallel pixel collec-
tion and storage of the effluent from each individual pixel,
and serial pixel readout of the effluent.

In one embodiment, the controlling step includes M clock
steps, M being a positive integer equal to or less than N,
where in each clock step, a single aliquot of the fluidic
substance is delivered sequentially to each pixel in N pixel
steps, such that at any time, each pixel contains a different
number of aliquots so that only one pixel is ready for
analysis in each clock step, and then the aliquots in that pixel
are collected for analysis, and the delivery and collection
process in each clock step is repeated for all M clock steps,
so that after the Nth aliquot is delivered to a pixel and
allowed to dialyze the living bio-object, the N aliquots are
then collected and transferred to an analyzer, and a single,
fresh, aliquot is left in that pixel to start a new full cycle. In
one embodiment, during N full cycles, the effluent of each
pixel is transferred to the analyzer as a single bolus con-
taining N aliquots.

In one embodiment, the method further includes analyz-
ing the effluent so as to monitor the state of the living
bio-object.

In one embodiment, the method further includes provid-
ing demarcation between a bolus of the effluent that is
delivered to the analyzer from different pixels. In one
embodiment, the step of providing demarcation includes
injecting a bubble of air between boluses of the effluent from
different pixels, so that the end of one bolus of the effluent
and the beginning of another bolus of the effluent are
detectable by a bubble detector.

In one embodiment, the fluidic channels are treated in a
manner to make them hydrophobic to minimize the adhesion
of a film of water to the channel that remains as the bubble
moves along the channel to separate boluses.

In one embodiment, two boluses of effluent can be sepa-
rated by two or more bubbles of air which in turn are
separated by clean media or dialysate to minimize the
cross-contamination between boluses gathered from differ-
ent pixels.

In one embodiment, each valve in the system has the
capability of being back-flushed to cross-contamination
between either different mixtures of dialysate and drugs and
other chemicals being delivered to different pixels, or
boluses of dialysate gathered from different pixels.

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

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate one or more
embodiments of the invention and, together with the written
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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.

FIGS. 1A-1D show schematically a microdialysis and
how a traditional concentric microdialysis probe works.

FIGS. 2A-2B show schematically further generalization
of a conventional chemical imaging system that allows the
dialysis probe to be scanned across the bio-object.

FIGS. 3A-3C show schematically a system for paralleliz-
ing the sampling process according to one embodiment of
the invention.

FIGS. 4A-4B show schematically a microdialysis imager
according to one embodiment of the invention.

FIG. 5 shows schematically a system for microdialysis
imaging and regional fluidic delivery and control for dia-
lyzing/retrodialyzing/culturing/controlling/analyzing  the
living bio-object according to one embodiment of the inven-
tion.

FIGS. 6A-6E show schematically system for microdialy-
sis imaging and regional fluidic delivery and control for
dialyzing/retrodialyzing/culturing/controlling/analyzing the
living bio-object according to one embodiment of the inven-
tion.

FIGS. 7A-7B show schematically a process for the
sequential loading of each pixel with aliquots of dialysate
and the subsequent transfer of multiple aliquots to a chemi-
cal analyzer to enable both microdialysis imaging and
regional fluidic delivery and control for dialyzing/retrodia-
lyzing/culturing/controlling/analyzing the living bio-object
according to one embodiment of the invention.

FIG. 8A-8C shows a process for pixel loading and analy-
sis for microdialysis imaging and regional fluidic delivery
and control for dialyzing/retrodialyzing/culturing/control-
ling/analyzing the living bio-object according to embodi-
ments of the invention.

FIG. 9 shows schematically a system for microdialysis
imaging and regional fluidic delivery and control for dia-
lyzing/retrodialyzing/culturing/controlling/analyzing  the
living bio-object according to one embodiment of the inven-
tion.

DETAILED DESCRIPTION OF THE
INVENTION

The invention will now be described more fully herein-
after with reference to the accompanying drawings, in which
exemplary embodiments of the invention are shown. The
invention may, however, be embodied in many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this invention 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

25

35

40

45

55

8

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 invention.

It will be understood that when an element is referred to
as being “on,” “attached” to, “connected” to, “coupled”
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
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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 invention belongs. It will be further understood
that terms, such as those defined in commonly used diction-
aries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant
art and the present invention, 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 in this invention, 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. As used herein, the term
“and/or” includes any and all combinations of one or more
of the associated listed items.

The description below is merely illustrative in nature and
is in no way intended to limit the invention, its application,
or uses. The broad teachings of the invention can be imple-
mented in a variety of forms. Therefore, while this invention
includes particular examples, the true scope of the invention
should not be so limited since other modifications will
become apparent upon a study of the drawings, the speci-
fication, and the following claims. For purposes of clarity,
the same reference numbers will be used in the drawings to
identify similar elements. It should be understood that one or
more steps within a method may be executed in different
order (or concurrently) without altering the principles of the
invention.

One of the objectives of this invention is to provide
system and method to acquire two-dimensional chemical
images of living cells and tissues that are contained in an
aqueous environment. The system in one embodiment has
five components: a microfluidic delivery system that pro-
vides both gradients and point-wise delivery of chemicals to
the cultured cells in real time, a microdialysis imager for
monitoring the state of multiple pixels in the fluidic medium
immediately exterior to the living system in real time, a
microfiuidic collection system that gathers separately the
contents of each pixel, a chemical analyzer to detect and
quantify the chemical composition of the contents of each
pixel, and a computational system implementing a scheme
for the analysis and closed-loop control of system state and
chemical delivery.

According to the invention, a user can employ the micro-
fluidic delivery system to supply an arbitrary combination of
chemical signals to individual pixels at arbitrary times and
in arbitrary amounts. Combining the microdialysis imager’s
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measurement of a system state with the computational
system’s analysis of the system state can tell the user which
chemical signals might need to be supplied next in real time
to achieve a particular functional target, and supply the
needed control chemicals without human intervention to
move the system towards that target.

The invention is envisioned to be generally applicable to
studying cellular differentiation and development, tissue
maturation, cell-cell communication, wound healing, and
the responses of cultured cells and tissue slices to applied
chemical, electrical, and mechanical stimuli. In principle,
the invention is applicable to studying cells from any
tissue/organism. The control scheme can use a data-driven
approach to teach itself how to work with any given organ-
ism, and the microdialysis imager is a general measurement
device, so neither needs to be modified by hand to work in
different contexts.

FIGS. 1A-1D illustrate how a traditional concentric
microdialysis probe works. As shown in FIG. 1A, a microdi-
alysis system 100 includes a pump unit 110, a probe 120, and
a sample collection unit 130 that are, in this example,
sampling the media 142 adjacent to cultured cells 143 in a
Petri dish 141. The pump unit 110 has a dialysate reservoir
111 that delivers clean dialysate 112, also termed perfusate,
to a microdialysis probe 120 via the delivery tube 113 that
allows the perfusate to flow 114 from the reservoir to the
interior of the cylindrical dialysis membrane 121. The
sample collection unit 130 withdraws via collection tube 131
in direction 132 dialysate fluid with the chemicals that have
diffused into the probe and deposits the sample of fluid 134
in collection reservoir 133. As shown in FIG. 1A, the
chemical species 122 being sampled are secreted or metabo-
lized by cells 143 cultured in cell culture media 142 in Petri
dish 141. A chemical analyzer, not shown, would quantify
the chemical constituents in the sample 134.

FIG. 1B shows a close-up of the concentric microdialysis
probe 120 with its cylindrical outer shell. Chemical analyte
species 122 are released by cells 143 in Petri dish 141 and
then diffuse 123 through the cell culture medium 142.
Because the concentration of these chemical species is lower
in the dialysate 112 within the probe volume 124 than in the
medium 142 outside of it, there is a net diffusion of the
analyte across the semipermeable membrane 121 into the
interior 124 of the probe. The flow 114 of fresh dialysate 112
and the coordinated withdrawal 132 of dialysate 134 from
the probe volume 124 allows the subsequent quantitation of
the analyte 122 by a variety of means, including fluores-
cence, electrochemical, chromatographic, mass spectromet-
ric, radiation, impedance/conductance, and other means of
detection (not shown).

FIG. 1C demonstrates the process of retrodialysis, in
which a desired reagent, chemical, drug, toxin, growth
factor, signaling molecule, or other exogenous compound
125 is added to the dialysate 112 that will be delivered to the
probe 120, whereby that compound is presented at a higher
concentration 126 within the semipermeable membrane and
the probe volume 124 that it contains than the concentration
of this substance 128 outside of the membrane, which in turn
leads to outward diffusion 127 of this chemical species into
the medium 142 that bathes the cells under study 143. By
changing the concentration of the chemical 125 added to the
dialysate over time, it is possible to change the concentration
128 of that chemical in the immediate vicinity of the cells
over time, albeit with a time delay and temporal smoothing
associated with the process of diffusion of the chemical
across the semipermeable membrane and through the media
in which the cells are cultured.



US 10,538,726 B2

11

FIG. 1D shows how this probe can be inserted, often with
the assistance of a hollow cannula (not shown), into the
depth of the brain 152 of a living animal to detect, for
example, neurotransmitters released by regional electrical
activity in the brain that diffuse in the local intracellular
space and the extracellular fluid that it contains. As demon-
strated by Fried et al. [12], it is possible to add a pair of ring
electrodes 153 around the probe to record the local electro-
encephalogram (EEG) of that region of the brain, and fine
wire electrodes 154 to record the extracellular potentials
generated by electrical signaling activity of individual neu-
ronal units 155.

FIGS. 2A and 2B show a further generalization of a
conventional chemical imaging system 200. There is a
reagent delivery unit 210, an analyte collection unit 230, and
an analyzer unit 270. The input reservoir 211 and the
solution 212 it contains are connected to the input unit 210
by a tube 261. The fluidic output of the reagent delivery unit
210 is delivered by a tube 213 in a direction 214 to a delivery
probe 219. The collection probe 220 moves the collected
analyte in a direction 232 by a tube 231 to the analyte
collection unit 230, which delivers the sampled analyte 234
to a sample reservoir 233 via a tube 263. The analyzer unit
270 withdraws the sample from the sample reservoir via a
tube 271 and reports the concentration of the analytes to a
computer 280 by wired or wireless connection 281.

As shown in FIG. 2A, it is possible to utilize an X-Y
scanning stage (291 and 292) to position the delivery probe
219 and the detection probe 220 at an arbitrary location
immediately adjacent to a living or fixed biological sample
249 that is maintained in water, air, vacuum, or another
medium 242 for analysis. A wired or wireless connection
(not shown) between the X-Y stage 291-292 and the com-
puter 280 can, for example, be used for closed-loop control
of the X-Y stage 291-292 in response to concentrations
reported by the analyzer 270, for example to map the spatial
gradient of a chemical signal released by a localized sub-
population of cells. A raster scan 290, as shown in FIG. 2B,
can be used to create two-dimensional spatial images of
distributions of different chemicals in the sample. Note that
the concentration in each location will be measured only
whenever the probe is over that particular location as defined
by the scan 290.

Note that it is possible to simply remove fluid 242 from
the medium bathing the cells by means of 220, 231, 232, and
230 without its localized replacement via the combination of
210, 213, 214, and 219. This will lead to a gradual reduction
of the volume contained in the Petri dish 241, and an inward
radial, advective flow of media 242 into the vicinity of the
collection probe 220, thereby blurring any chemical gradi-
ents created by the living tissue/cells 243. Alternatively,
even without the semipermeable membrane shown in FIGS.
1A-1D, the localized delivery of make-up media in the
vicinity of the withdrawal probe could allow sampling with
only local dilution of signaling compounds but without the
advective flow associated with local fluid withdrawal with-
out local fluid replacement. Note that there would still be
localized concentration changes associated with the delivery
of fluid to replace that which is withdrawn. One advantage
of the use of the semipermeable/dialysis membrane in FIG.
1 is that it allows advective replacement of dialysate internal
to the probe without inducing external advective flows,
whereas in FIG. 2 the input and output probes are shown, for
this particular embodiment, as being physically separated
and not on the same side of a common dialysis membrane,
as is the case in FIG. 1. The separate probes 219 and 220 in
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FIG. 2 could easily be replaced by the single probe 120 in
FIG. 1 and be suitable for scanned microdialysis imaging.

When trying to determine the spatiotemporal nature of
gene-regulatory and metabolic signaling and control net-
works, the aforementioned approaches have a significant
disadvantage: while the collection probe is gathering analyte
from a particular location for subsequent analysis, the adja-
cent locations are biologically active and are both consum-
ing and releasing chemicals to support their metabolic and
signaling activities, which, in the case of heterogeneous
tissues of common interest, may have a substantially differ-
ent temporal composition profile than the adjacent region
being sampled at that time.

For low concentration signals, the analyte not being
detected is lost by mixing into the bulk media surrounding
the sample while analyte is being detected at another loca-
tion. In addition, the ability to sample only one location at
a time provides an incomplete description of the chemical
activity at that region that has occurred since the previous
time it was sampled. The signal at one location is not being
integrated over time, and there is a risk of under-sampling of
the concentration time profile with the concomitant risk of
violating the Shannon/Nyquist sampling theorem and pro-
ducing temporally aliased concentration profiles.

One solution to the problem is to simply utilize multiple
sampling systems in parallel. FIG. 3A provides a system for
parallelizing the sampling process according to one embodi-
ment of the invention. A well plate or equivalent structure
301 with multiple chambers or wells 350 has as its lower
surface a semipermeable membrane 321 that is placed
adjacent to the living cells or tissue 343, with each well
defining an individual pixel 350 that is microdialyzed or
otherwise analyzed to create a time-dependent chemical
image of the cells beneath the membrane. By minimizing the
distance between the membrane 321 and the cells 343, the
lateral diffusion between the regions beneath each pixel is
minimized. A pair of delivery 319 and collection 320 probes
is placed in a chosen well, and the sample is collected. A
single probe could then be lifted up, moved to another well,
and lowered down so that the microdialysis analysis process
could be repeated until all wells in the plate 301 are sampled.
Unfortunately, the accumulation of analyte in each well
before it is sampled reduces the rate of dialysis and hence the
amount of analyte that is available for quantitative analysis
by the detection system.

Alternatively, there could be multiple probe pairs 319 and
320, in addition to the single pair shown, with each con-
nected to a separate sample analysis module 200 function-
ally equivalent to the ones discussed above. Not only does
this approach require a large number of redundant delivery,
collection, and analysis modules, FIG. 3B shows another
embodiment of the invention by means of a cross-section of
the approach a major limitation: as the pixel size is
decreased to below one millimeter, the minimum fabrication
thickness of the walls of the both the well plate and the
delivery and connection tubes limits the minimum size of
the pixels and the volume of dialysate that they can contain.

To address the well-and-probe wall-thickness problem,
FIG. 3C shows yet another embodiment of the invention
where a single unit probe bonds the delivery tube 319 and
the collection tube 320 together, with a gap 351 in the
adjoining tube walls providing a connection between the two
just above the semipermeable membrane 321 for the deliv-
ery and collection of the dialysis fluid above the membrane
321. Essentially, the bonded walls of the tubes serve as the
dividing walls between the pixels, and the semipermeable
membrane is bonded to the flattened lower surface of the
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collection of input and output tubes to create an array of
microdialyzed pixels. While the probes shown in FIG. 3C
each have a cylindrical cross-section, there would be better
coverage of the sample and more efficient sampling of the
analyte released by the cells were both probes to be square
or rectangular in cross-section, such that the resulting pixel
was either square or rectangular. Hexagonal pixels would
also provide efficient spatial sampling of the bio-object 343.
The key feature of this approach is that the gap 351 that
connects the input probe 319 to the output probe 320
supports flow 352 across the probe-side of the semiperme-
able membrane 321. The rates of intermittent or slow-and-
continuous flow of fresh dialysate into the probe region can
be matched to optimize the rate of dialysis across the
membrane 321.

FIGS. 4A-4B show schematically a microdialysis imag-
ing head (probe) 400 according to one embodiment of the
invention, which includes twenty-five (25) pixels 410
aligned in a five-by-five array 401. With a wall (membrane)
421/422 having a thickness T=0.1 mm separating adjacent
microfiuidic channels 411 and 412 in a pixel plane 401, each
channel 411/412 has a length [L.=0.9 mm and a width
W_=0.2 mm (ignoring the thickness of the membrane (wall)
that separates the plane) and two channels 411 and 412
(delivery and withdrawal) create a single pixel 410 that has
a pixel area (dimension) of about 2 mmx0.2 mm, which is
consistent with the topology in FIG. 3C. In this embodiment,
that vertical gap that allows fluidic communication between
the delivery and collection channels 411 and 412 is G=0.3
mm. The design of this microdialysis imaging head 400
emulates the traditional topology of microdialysis probes,
except with microfluidics and in a massively parallel format.
The individual microdialysis tubes (i.e., channels) 411/412
within the imaging head 400 are no longer concentric. In
certain embodiments, a planar set of tube pairs (ten channels
total) is fabricated as a ribbon fluidic, and five of these layers
are bonded to create the five-by-five imaging camera or
array. In the exemplary embodiment shown in FIGS. 4A-4B,
the five-by-five imaging camera or array has a width W=10
mm and a thickness H=1 mm. It should be appreciated that
any numbers of channels per layer and/or any numbers of
layers can be utilized to produce an imaging array of any
desired spatial resolution in accordance with the invention.
The imaging head itself dould be scanned to record from a
larger area of a bio-object that is larger than the head. In
addition, it should be noted that the dimensions (sizes) of the
channels and the walls separating adjacent microfluidic
channels disclosed in the above exemplary embodiment are
illustrative only and in no way limit the scope and meaning
of the invention, and other sizes of the channels and the
walls can also be utilized to practice the invention.

In this exemplary example, each ribbon includes five pairs
of tubes (i.e., channels), in each pair, one for delivery of
perfusate and the other for removal of the dialysate. In the
case of retrodialysis, the delivery provides the chemical
species that diffuse into the biological sample under test. The
delivery tube serves to introduce new molecules, transcrip-
tion factors, drugs, toxins, and nutrients to the system
through diffusion (retrodialysis), and the withdrawal tube
removes molecules, secreted factors, and waste from the
system for analysis by mass spectrometry, fluorescence
detection, electrochemical sensing, or other means for
detecting the presence of a chemical species in a fluid
sample. As shown in FIGS. 3C and 4A-4B, for each pair of
tubes 411 and 412 the perfusate delivery tube is on the left
of each pair while the dialysate withdrawal tube is on the
right. It should be noted that for each pair of tubes 411 and
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412 the perfusate delivery tube can be on the right while the
dialysate withdrawal tube can be on the left in other embodi-
ments of the invention. Each ribbon shown in FIG. 4A-4B
has five pairs of these tubes and there are five ribbons, so
altogether there are 25 pairs of tubes. Each pair of tubes
covers an area of about 2 mmx0.2 mm, and the wall 422
separating the delivery and removal tubes 411 and 412 of
each pixel 410 has an opening that is G=0.3 mm tall. These
tubes are smaller than conventional microdialysis tubes,
which allows probing specific groups of cells, for example
individual neurons in a brain slice. This is advantageous for
identifying the secretomic signals associated with neuronal
activation, differentiation, or response to toxins. The volume
of dialysate to be detected with serial readouts in this
embodiment is approximately 200 nanoliters, well within
the detection range of on-line mass spectrometers.

The approach presented by this invention differs from the
air-sampling mass spectrometry approaches discussed
above. According to the invention, the approach has real-
time pixels collecting the dialysate continuously with serial
readout. However, the air-sampling mass spectrometry
approaches have one collection probe moving around rela-
tive to the sample, which allows the analyte to diffuse away
when the collection tube is not on top of the recording
location. In addition, the approach allows for optimal trans-
fer of dialysate across the semipermeable barrier and accu-
mulation of dialysate for subsequent analysis without loss of
analyte on the sample-side of the membrane, or reduction of
collection efficiency because of the accumulation of analyte
within the probe.

One aspect of the invention also provides a system for
microdialysis imaging and regional fluidic delivery and
control for dialyzing/retrodialyzing/culturing/controlling/
analyzing the living bio-object. The living bio-object
includes cells, tissues, or an organ of a living subject.

The system in one embodiment shown in FIG. 5 includes
a microdialysis imager 501 including a imaging head having
N pixels aligned in a pixel array 520 for monitoring a state
of a living bio-object that is in fluidic communication with
the pixel array 520, N being a positive integer greater than
one. In this exemplary embodiment shown in FIG. 5, N=25.
One exemplary embodiment of the imaging head is shown
in FIGS. 4A-4B, where N=25 as well. In certain embodi-
ments, N can be 10, 50, 100, etc.

The system also has a fluidic module 510 coupled to the
microdialysis imager 501 for delivering a fluidic substance
to and collecting effluent from the living bio-object. The
fluidic module 510 includes a fluidic network having a
plurality of valves, a plurality of fluidic channels 512 in
fluidic communication with the plurality of valves and one
or more pumps coupled to corresponding fluidic channels,
required to control the delivery and collection of perfusate
and dialysate, respectively, which are stored within or adja-
cent to the module (not shown). The fluidic module 510 also
includes a microcontroller coupled to the fluidic network for
individually controlling the plurality of valves and the one or
more pumps of the fluidic network as so to operably and
selectively deliver the fluidic substance to and continuously
collect the effluent from the living bio-object responsive to
the delivered fluidic substance via each pixel of the pixel
array in real time.

In certain embodiments, the implementation of these
valves is in accordance with inventors’ earlier invention for
a normally closed microfluidic valve [1], which is incorpo-
rated herein by reference in its entirety, and derivatives
thereafter, including 25- and 100-port valves. In one
embodiment, each valve is a rotary planar valve (RPV), and
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each pump is a rotary planar peristaltic micropump (RPPM).
It should be appreciated that any other types of valves and
pumps can also be utilized to practice the invention. In this
embodiment, the dialysate is delivered to a mass spectrom-
eter or other chemical analyzer (not shown). This fluidic
module 510 is connected by a series of push-pull microfiu-
idic channels 512 to the input and output of each of
twenty-five recessed pixels 550. The semipermeable dialysis
membrane 521 seals the top of the pixel array 520 to create
an imaging head that contains the pixels array 520 that is
inverted as compared to the ones shown in FIGS. 1A-1D,
2A-2B, and 3A-3C. In this inverted geometry, the cells 543
can be grown directly on the microdialysis membrane 521,
or the tissue slice 543 can be placed on the membrane 543,
with both then covered with a layer of cell culture or
perfusion media 521. In certain embodiments, hundred-port
valves support a 10x10 pixel array. In certain embodiments,
the semipermeable membrane is made of polyarylonitrile,
ANG69, cuprophane, polycarbonate, polyamide, polysufone,
and polyarylethersulfone.

In one embodiment, the fluidic module 510 is configured
such that the fluidic substance delivered to the living bio-
object is identical in each pixel 550 of the pixel array 520,
or different in different pixels 550 of the pixel array 520. In
one embodiment, the fluidic substance contains one or more
fluids with a concentration of each fluid controllable in real
time. In one embodiment, the fluidic substance has a one-
dimensional or two-dimensional concentration gradient dis-
tribution across the pixel array 520. In one embodiment, the
fluidic substance contains perfusate or drugs, transcription
factors, nutrients, toxins, or other endogenous and exog-
enous chemical species, and the effluent contains dialysate,
waste, signaling molecules, or drug or toxin metabolites
from the living bio-object.

FIG. 6A show schematically a system for microdialysis
imaging and regional chemical delivery and control accord-
ing to another embodiment of the invention, where the
fluidic module includes a delivery control unit 610 disposed
on one side of the microdialysis imager 601/602 (pixel array
620) and a collection control unit 630 disposed on the other
side of the microdialysis imager 601/602 (pixel array 620).
The delivery control unit 610, the pixel array 620 and the
collection control unit 630 are in fluidic communication with
a number of push-pull microfluidic channels 612, so that the
input and output of each pixel of the pixel array 620 are
operably controllable by the delivery control unit 610 and/or
the collection control unit 630. In certain embodiments, the
delivery control unit 610 includes a 25-channel fluidic
controller 610 for perfusate and localized retrodialysate
delivery while the collection control unit 630 includes a
25-channel fluidic controller 630 for dialysate collection and
direction to a mass spectrometer or other analytical instru-
ments. In another embodiment, the fluidic controllers have
100 channels.

FIG. 6B shows schematically a close-up cross-section of
how a single pixel 650 in the pixel array 620 is fabricated
according to one embodiment of the invention, with stan-
dard soft-lithography techniques. Multiple pixels are adja-
cent to each other, sharing common walls 653 that define the
pixel volume 651 beneath the semipermeable membrane 621
and support dialysate exchange 652 within the pixel 650.

In certain embodiments, a microelectrode array (MEA) is
superimposed on the semipermeable dialysis membrane
621, with a pair of electrodes 654 and 655, as shown in FIG.
6C, detecting the electrical activity of cells in the immediate
vicinity of the recording microdialysis pixel. In some
embodiments, the MEA is provided as a separate layer (e.g.,
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a substrate) 660 above the semipermeable membrane 621, as
shown in FIGS. 6D and 6E, where the substrate 660 of the
MEA has through holes 665 to allow communication with
the underlying pixel 650 and electrodes 645 and 655, for
example, connected to appropriate detection electronics by
thin-film leads 666.

It is extremely important to recognize that the input
control valves of the channel fluidic control unit (or
dialysate delivery unit) 610 shown in FIG. 6A allow a
different cocktail to be retrodialyzed into each pixel 650. In
certain embodiments, a multi-well microformulator dis-
closed in U.S. Pat. No. 10,023,832 by the inventors, which
is incorporated herein by reference in its entirety, is used to
control the concentration in each of the imaging pixels. This
includes the generation of one- and two-dimensional spatial
gradients 690 that are imposed upon the cells being
microdialyzed, as shown in FIG. 6A. In this case, the
dialysate delivery unit 610 is effectively a microformulator,
and what is unique beyond the microformulator application
is that the output of the delivery side of the microformulator
610, instead of being delivered to an open well, is delivering
microdialysate to a probe with semipermeable membrane to
dialyze cells or tissues outside of the probe, which is then
collected by the equivalent collection side of a microformu-
lator 630 to be passed on to one or more chemical analysis
units. In addition, the microformulator as previously
described has tubes that fit into open wells whose fluid
volume can change over time, and the diameter of the tubes,
their wall thickness, and the walls between the wells places
a lower limit on the size of the pixels. According to the
invention, the tubes that connect the valve to the sample
form the pixels in a closed, fluidic system.

Another aspect of the invention provides a method for
microdialysis imaging and regional fluidic delivery and
control for dialyzing/retrodialyzing/culturing/controlling/
analyzing the living bio-object. The living bio-object
includes cells, tissues, or an organ of a living subject.

In one embodiment, the method includes providing a
microdialysis imager and a fluidic network, where the
microdialysis imager includes a imaging head having N
pixels aligned in a pixel array for monitoring a state of the
living bio-object that is in fluidic communication with the
pixel array, N being a positive integer greater than one, and
where the fluidic network is coupled to the microdialysis
imager and a plurality of fluids and includes a plurality of
valves, a plurality of fluidic channels in fluidic communi-
cation with the plurality of valves, and one or more pumps
coupled to corresponding fluidic channels; and individually
controlling the plurality of valves and the one or more
pumps of the fluidic network to operably and selectively
deliver a fluidic substance to and continuously collect the
effluent from the living bio-object responsive to the deliv-
ered fluidic substance via each pixel of the pixel array in real
time, where the fluidic substance contains one or more of the
plurality of fluids.

In one embodiment, the controlling step includes control-
ling the fluidic substance delivered to the living bio-object to
be identical in each pixel of the pixel array, or to be different
in different pixels of the pixel array.

In one embodiment, the controlling step includes control-
ling the fluidic substance to have a concentration of each
fluid being constant or varying with time.

In one embodiment, the controlling step includes control-
ling the fluidic substance to have a one-dimensional or
two-dimensional concentration gradient distribution across
the pixel array.
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Key features of this invention that make it different from
a simple parallelization of the approach, as would be sug-
gested in FIGS. 3A-3C, is that the loading of the dialysate
and its withdrawal are performed as a sequence of individual
steps. At issue is the efficiency of dialysis across a semiper-
meable membrane, which decreases as the concentration of
the collected analyte increases with time. The current inven-
tion avoids this by regularly or continuously providing fresh
media to each pixel, and storing the higher-concentration
media in the channel beyond the dialysis chamber to accu-
mulate a sufficient volume of media for subsequent analysis.
This process of dialysate refreshment and storage from
multiple pixels is not possible in any simple, parallel system.

Another key feature of this invention is that it provides
parallel pixel loading, parallel pixel collection, and then
serial pixel readout. This process allows us to accumulate in
the collection tube/channel or a collection reservoir the
volume of dialysate that is required, for example, for mass
spectrometric analysis without requiring very large pixels.
FIG. 7A shows a schematic representation of the first steps
in the process according to one embodiment of the inven-
tion. In the exemplary embodiment, a pixel head including
a five-pixel array with dual-channel pixels 701, 702, 703,
704, and 705 is provided. The cells/tissue slice 743 sup-
ported by the planar surface 741 is being microdialyzed
through the semipermeable membrane 721. For the illustra-
tion of the process, a “clock step” is considered as the time
interval required to add a bolus or aliquot of dialysate media
to each pixel in the pixel array. In the first time step, only the
pixel 701 is loaded. In the second time step, a bolus of
dialysate is delivered to both the pixels 701 and 702. In the
third time step, a bolus is added to each of the pixels 701,
702 and 703. By the fifth time step, all the five pixels
701-705 have been loaded. But as a fresh bolus of dialysate
is added to each pixel in each time step, the previously
occupying one, if present, is displaced along the collection
channel. Hence, each “clock step” comprises five “pixel
steps”.

In this example, it is assumed that five clock steps are
sufficient to deliver the volume required for analysis by the
mass spectrometer or other instrument. In the fifth clock
step, in this example, the volume of fluid 791 delivered to
the pixel 701 is sufficient to drive the first five aliquots (Nos.
1-5) of fluid out of the pixel 701 collection chamber and into
the analysis system (e.g., the analyzer 270 shown in FIG.
2A). The next aliquot (No. 6) is delivered to the pixel 701
to restart the dialysis process that will be completed at the
end of four more clock steps, and an aliquot is delivered to
the other four pixels during the five pixel steps that consti-
tute a single clock step. Because of the staggered loading of
the pixels, there is, at the beginning of the next cycle, one
aliquot (No. 6) in the pixel 701, five aliquots (Nos. 2-6) in
the pixel 702, four aliquots (Nos. 3-6) in the pixel 703, three
aliquots (Nos. 4-6) in the pixel 704, and two aliquots (Nos.
5-6) in the pixel 705.

FIG. 7B shows the next clock step—aliquots No. 2
through No. 6 are being ejected from the pixel 702 by the
large aliquot 792, and all the other pixels 701, 703, 704 and
705 receive the standard, smaller aliquot.

FIG. 8A shows schematically a representation of the
loading process for a twenty-five pixel array according to
one embodiment of the invention. The pixels are labeled A
through Y on the left, and the time steps from 1 through 62
are labeled on the top. The number shown in each square
represents the number of aliquots filled in each pixel in a
respective time step. For this example, it is assumed that 25
aliquots, each of volume 1.0, are required to fill a pixel for
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transfer to the chemical analyzer that is driven by the fluidic
module 510 shown in FIG. 5. The lower left corner (grey
boxes with zeros) 810 represents the staggered initial load-
ing of each pixel. By time step 25, pixel A has been filled and
is ready for off-loading to the chemical analyzer, and that
square 820 is filled with black with the number of 25. It is
assumed that the time required to process one pixel with the
chemical analyzer is equal to one clock step 830.

During the next clock step (step 26), pixel B is off-loaded.
In each clock step, every pixel receives a fresh aliquot of
media to ensure continuous, high-efficiency dialysis, and
after 25 clock steps (840), the cycle returns to off-loading of
pixel A.

In one embodiment, it is feasible to run 100 nL. per minute
into a Waters Corporation ultra performance liquid chroma-
tography ion mobility mass spectrometer (UPLC-IM-MS) to
obtain data with 10 minute time resolution, as already
demonstrated by the inventors [10, 11]. A 25-pixel image
acquired with this system would then require 4.2 hours.
Obviously, there is a trade-off between depth of molecular
coverage, sample volume, and spatio-temporal resolution. A
faster mass spectrometer would process samples more
quickly and hence operate at a shorter imaging interval. It is
important to recognize that the UPLC used by the inventors
[11] was used for desalting of the media, and it could also
be used for timed, gradient elution of chemical species with
different affinities to the UPLC column. The key point is that
the minimum duration of whatever chemical analysis is
performed sets the minimum step size 820 in FIG. 7B

In another embodiment, an Agilent Rapid-Fire solid-
phase extraction (SPE) system is used instead of a UPLC
MS system for both desalting and species separation, a
single sample is analyzed in 10 seconds. That, in this
example, allows capture of a complete image every 4.2
minutes (10x25/60). If additional SPE separation and mass
spectrometer modes are used, the analysis time is extended
to 40 seconds per pixel to obtain positive- and negative-
mode MS data with hydrophobic and hydrophilic SPE
cartridges, for an imaging time of 17 minutes. It is important
to appreciate that the incremental loading of each pixel, as
shown in FIG. 8A, ensures that every pixel is dialyzed
efficiently during the entire interval 840 required to capture
an entire image. Because of the temporal integration of
dialysate over that interval and the spatial integration of
closely spaced pixels, there are no risk of either spatial or
temporal aliasing. Features in the bio-object that occur faster
than the image capture interval 840 or with a higher spatial
resolution will be averaged out. There will be a skew in in
the image determined by the order by which the pixels are
sampled, in that some of the pixels will be measured early
in a clock step than others, but this will be done in a
repeatable manner.

In addition, were a faster “frame rate” required for the
imaging, the aliquot volume could be increased to, for
example 2.5 from 1.0 “volume units.” The time to capture a
complete image would be 10 clock steps, the reciprocal of
which is the imaging frame rate. By step 10, pixel A has been
filled and is ready for off-loading to the chemical analyzer,
and that square is filled with black with the number of 25.
After 10 clock steps (850), the cycle returns to off-loading
of pixel A. However, if 25 pixels are still sampled, as shown
in FIG. 8B, for all times greater than 19 it will be necessary
to analyze two or more samples with each clock step,
possibly violating the speed limit set by the chemical
analyzer.

One alternative, shown in FIG. 8C, is to limit the number
of pixels to be analyzed, in this specific exemplary case to
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a 10-pixel array. Accordingly, the frame interval of the
microdialysis camera is the product of the speed with which
a dialysate sample is analyzed times the number of pixels
being imaged. The sensitivity of the detection is determined
in part by the volume of fluid that is analyzed in each clock
step. The ability to extract the maximum amount of analyte
is determined in part by the number of clock steps allocated
to filling each pixel and the storage volume in the line or a
reservoir between the pixel and the downstream analyzer.

Therefore, for an N-pixel array, in a full clock step a
single aliquot of perfusate is delivered to each pixel in N
sub-cycles (pixel steps). In the serial loading, at any time,
each of the pixels contains a different number of aliquots so
that only one pixel is ready for analysis each clock step.
After the Nth aliquot is delivered to a pixel and allowed to
dialyze the cells/tissues, the N aliquots are then transferred
to the chemical analyzer, and a single, fresh, aliquot is left
in that pixel to start a new full cycle. During N full cycles,
each pixel will be transferred the mass spectrometer as a
single bolus containing N aliquots. The semipermeable
membrane sees fresh perfusate each sub-cycle to optimize
dialysis, and the dialysate is accumulated between transfers
to the mass spectrometer or other chemical analyzer.

In certain embodiments of the invention, it may be useful
to provide demarcation between the bolus of fluid that is
delivered to the chemical analyzer from different pixels.
This can be readily accomplished by injecting, for example,
a small bubble of air between samples obtained from the
source of pressurized air or other gas 933 connected to one
of the ports of the 101-channel output collector valve 932 (If
desired valve 932 could be a 102-channel valve, with the
102" port being connected to a flush vial as was done for
valve 912). A bubble detector 945 can then be used to detect
the end of one sample and the beginning of another. A
similar approach could be accomplished with a bolus of oil
or other fluid that is immiscible with the dialysate. Bubble
detectors could be placed at more than one location in the
system if desired. If necessary to avoid sample-sample
crosstalk, the separator between two samples could be two
or more bubbles or oil drops separated by a blank aqueous
bolus. The pumps, valves, and tubing can be selected for or
treated to cause all surfaces to be highly hydrophobic to
minimize both the retention of analyte in the system and the
drag experienced by the air bubbles that separate each bolus.
The normally closed rotary planar valves [1] are all designed
to have a flush port so that the common channel of each
valve can be flushed with pure dialysate, a buffer, water, or
air between passage of each sample bolus. The system can
be rinsed between injections as many times as is needed to
reduce analyte from the previous bolus to below the limit of
detectability. Once the rinses are complete, the next bolus
can be run.

FIG. 9 illustrates schematically a system for microdialysis
imaging and regional fluidic delivery and control for dia-
lyzing/retrodialyzing/culturing/controlling/analyzing  the
living bio-object according to one embodiment of the inven-
tion, which includes a reagent/dialysate delivery control unit
910, the microdialysis imager 920, and a dialysate/analyte
collection control unit 930.

In the exemplary embodiment, the delivery control unit
includes at least one multi-channel input selector valve 912
coupled to a plurality of input ports 901 that operably
provides a plurality of fluids, at least one input pump 914
coupled to the at least one multi-channel input selector valve
912, and at least one multi-channel input director valve 916
coupled to the at least one input pump 914. The collection
control unit 930 includes at least one multi-channel output
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collector valve 932, at least one output pump 934 coupled to
the at least one multi-channel output collector valve 932 and
at least one multi-channel output director valve 936. The
microdialysis imager 920 is coupled between the at least one
multi-channel input director valve 916 of the delivery con-
trol unit 910 and the at least one multi-channel output
collector valve 932 of the collection control unit 930.

In order to back-flush the multi-channel input selector
valve 912, the last input on the valve is connected to a flush
vial 917 filled with flushing media, such as distilled water or
plain dialysate. The pump 914 then directs that to the
101-channel input director valve 916, whose last port is the
waste line 917. This ensures that both valves 912 and 916
and pump 914 are flushed of whatever chemical that would
be delivered to one pixel but not the next one to which fluid
would be added.

In certain embodiments, the at least one multi-channel
input selector valve 912 is adapted for providing the fluidic
substance containing one or more of the plurality of fluids
selectively from the plurality of input ports 901. The at least
one multi-channel input director valve 916 is adapted for
directing/delivering the fluidic substance to desired pixels in
the pixel array of the microdialysis imager 920. The at least
one multi-channel output collector valve 932 is adapted for
collecting the effluent from the living bio-object responsive
to the delivered fluidic substance via each pixel of the pixel
array in real time, which, in turn, is directed by the at least
one multi-channel output director valve 936 to an analyzer
(e.g., 970) for analysis.

In addition, the system also includes an analyzer unit 970
coupled to the at least one multi-channel output director
valve 936 of the collection control unit 930. In one embodi-
ment, the analyzer unit includes a fluorimeter 942, an
electrochemical analyzer 944, a mass spectrometer 948,
other chemical detectors (not shown, including a capillary
electrophoresis detector, a liquid chromatography detector,
or a radiation detector, an impedance/conductance analyzer,
etc., or a combination of one or more thereof.

Furthermore, the system includes an analysis and control
computer 980 that is electrically coupled to the pumps,
valves, sensors, and detectors by wired or wireless connec-
tions. As shown, the pumps and valves are connected to a
variety of reservoirs, fluidic and air lines, and other com-
ponents, all which operate in the coordinated fashion
described above.

Closed-loop control system: The system as described
above can be used for simultaneous dialysis of living cells
and tissues to detect the chemical compounds absorbed from
and released to the media that bathes the cells and tissues,
and retrodialysis of those same cells and tissue to deliver
compounds that will alter the metabolism and signaling of
these cells or tissues. The ability to simultaneously sense and
control cell/tissue state is critical for the closed-loop control
of biology.

Because of the total spatial control of the retrodialysis
process, a variety of gradients and other spatial patterns of
nutrients, drugs, toxins, metabolites, and signaling mol-
ecules can be delivered to the biological sample under study.
This can, for example, be used to recapitulate the spatio-
temporal gradients in signaling molecules that drive the
differential development of cells in complex tissues, for
example the developing brain. Through those influences
combined, the cells are differentiated into one or more target
types of cells (for example, neuronal stem cells may be
differentiated into various kinds of mature neurons). The
system is flexible enough to accommodate having many
different kinds of cells present at both the beginning and end
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of'its use; this is important if the user is trying to recapitulate
the development of a tissue, rather than just produce many
cells of one type.

Practical Applications:

In vivo microdialysis is typically performed on experi-
mental animals. There are cases where in vivo microdialysis
is performed to help treat epileptic patients [12]. However,
these inter-operative recording do not shed light on the
signaling involved in neural differentiation during brain
development, which is largely complete by the time of
recordings recordings might be possible intraoperatively in
humans.

Traditional in vitro microdialysis involves harvesting
neural tissue, such as a brain slice, from an organism, for
example from a rat or mouse, stimulating it, and then
observing the microdialysis signal. Similar to the in vivo
microdialysis, such experiments performed with human
brains would be constrained due to ethical concerns and the
difficulty in acquiring functional slices of living human brain
tissue. Although it might possible to perform such an experi-
ment, it is difficult to do so and could raise ethical issues.
However, point recordings or scanned point recordings
provide an incomplete representation of the spatiotemporal
processes in the developing and mature brain, both in health
and disease. The microdialysis imager of the invention
overcomes these limitations by enabling microdialysis mea-
surements on human-derived cells grown in vitro as a
brain-on-a-chip [45-47]. It is ethical to use brain organ-chips
and organoids, which have the spatial organization neces-
sary for an accurate representation of neural activity. The
microdialysis imager can therefore be used to study how the
spatial properties of tissues affect the pharmacokinetic and
pharmacodynamic (PK-PD) properties of drugs.

The microdialysis imager provides important information
to discern the mechanisms active during cellular differen-
tiation, in that it can be used to detect cellular proteomic
(large biomolecule) and metabolomic (small molecule)
secretions without destroying the cells under study, as would
be required to determine the levels of gene transcription,
protein expression, and metabolite generation (the cellular
multi-ome) within the cells. For researchers to infer the
cellular multi-ome from just the cellular secretome, they
need to develop an increasingly refined mathematical and/or
computational framework for mapping cellular state space.
State-of-the-art machine learning techniques can be used to
empirically connect non-invasive secretomics data as
acquired by the microdialysis imager to destructive multi-
omics data (a black box approach), and mechanistic models
will be created in parallel using a combination of canonical
knowledge and efficient network reconstruction algorithms
(gray box and white box approaches). Together, these mod-
els will be used to develop a model-based control framework
which is robust to errors, noise, and cell type. This frame-
work will be implemented as an automated, closed-loop
control system to efficiently control and direct cellular states
using the microfluidic retrodialysis delivery system and the
microdialysis imager.

In addition, the microdialysis imager allows the ability to
measure for in vitro models of brain tissue the spatial
variations in the secretome of neuronal cells (neurotrans-
mitters and metabolites) that result from the activity of an
individual cell and the signaling from neighboring cells. It is
difficult to obtain a microdialysis time series for human
neural tissues due to ethical concerns, and animal analogues
are insufficient for recapitulating the complexity of human
neurophysiology. Although there are similarities between
human neural tissues and animal neural tissues, the human
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brains are more complex than animal brains. Although it is
ethical in animals, in vivo microdialysis unethical for study-
ing human development; in vivo microdialysis involves
monitoring the secreted factors of cells in the brain while the
organism is still alive. This setup involves inserting a
microdialysis probe directly into the brain region of interest.
Although these experiments can be performed with animals,
it is unethical to perform such experiments with humans due
to the potential irreversible and life-threatening harm such a
procedure can cause if done improperly. Hence a system that
can perform brain microdialysis in a three-dimensional in
vitro model of human brain tissue would have great value.

In vivo microdialysis is also utilized for secretomic bio-
marker collection and drug delivery. There is interest in
using this technique in application to study cancer [48] and
wound healing [49, 50]. The microdialysis imaging head can
potentially bring greater resolution to both of these appli-
cations to resolve the dynamics of the cancer tumor
microenvironment and wound healing secretions. The use of
the microdialysis imager to study human and animal tissues
and in vitro organ-on-chip models could advance the study
of the complex dynamics of wound healing and cancer
natively and under perturbations such as drugs, mutations,
and environmental influences. If the technology is further
refined, methods could be developed for using the microdi-
alysis imager in the operating room for spatially probing the
microenvironment of a patient’s tumors, applying a spa-
tially-resolved drug treatment to the tumor microenviron-
ment, and specialized wound treatment.

The foregoing description of the exemplary embodiments
of the invention has been presented only for the purposes of
illustration and description and is not intended to be exhaus-
tive 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 invention pertains
without departing from its spirit and scope. Accordingly, the
scope of the invention is defined by the appended claims
rather than the foregoing description and the exemplary
embodiments described therein.
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What is claimed is:

1. A system for microdialysis imaging and regional fluidic
delivery and control for dialyzing/retrodialyzing/culturing/
controlling/analyzing the living bio-object, wherein the liv-
ing bio-object comprises cells, tissues, slices, or an organ of
a living subject, comprising:

a microdialysis imager comprising a imaging head having
N pixels aligned in a pixel array for monitoring a state
of a living bio-object that is in fluidic communication
with the pixel array, N being a positive integer greater
than one; and

a fluidic module coupled to the microdialysis imager for
delivering a fluidic substance to and collecting effluent
from the living bio-object, the fluidic module compris-
ing a fluidic network having a plurality of valves, a
plurality of fluidic channels in fluidic communication
with the plurality of valves and one or more pumps
coupled to corresponding fluidic channels, and a micro-
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controller coupled to the fluidic network for individu-
ally controlling the plurality of valves and the one or
more pumps of the fluidic network as so to operably
and selectively deliver the fluidic substance to and
continuously collect the effluent from the living bio-
object responsive to the delivered fluidic substance via
each pixel of the pixel array in real time.

2. The system of claim 1, wherein each pixel comprises a
delivery channel and a collection channel in fluidic com-
munication with each other and the N pixels are aligned such
that the pixel array has a first end and an opposite, second
end, and wherein the imaging head further comprises a
semipermeable membrane disposed on the first end of the
pixel array.

3. The system of claim 2, wherein each of the delivery and
collection channels of each pixel is in a tube whose end area
defines a pixel area.

4. The system of claim 3, wherein the delivery channel
and the collection channel of each pixel is separated by a
wall that defines a gap at the first end of each pixel of the
pixel array so that the delivery channel and the collection
channel of each pixel are in fluidic communication with each
other via the gap.

5. The system of claim 3, wherein the imaging head is
formed as a ribbon whose end area defines an area of the
pixel array.

6. The system of claim 2, wherein the microdialysis
imager further comprises

a microdialysis membrane disposed on the semiperme-

able membrane of the imaging head for placing the
living bio-object thereon; and

a layer of cell culture or perfusion media disposed on the

microdialysis membrane.

7. The system of claim 6, wherein the microdialysis
imager is in fluidic communication with the plurality of
fluidic channels via the second end of the pixel array.

8. The system of claim 7, wherein the delivery of the
fluidic substance to and the collection of the effluent from
the living bio-object in each pixel of the pixel array are via
the second end of the pixel array.

9. The system of claim 8, wherein the first and second
ends of the pixel array are top and bottom ends of the pixel
array, respectively, so that the microdialysis imager is in an
inverted geometry.

10. The system of claim 6, wherein the microdialysis
imager further comprises a microelectrode array (MEA)
superimposed on the semipermeable membrane, wherein the
MEA is corresponding to the pixel array with each pair of
electrodes coupled to a respective pixel for detecting elec-
trical activity of the living bio-object in an immediate
vicinity of the respective pixel.

11. The system of claim 10, wherein the MEA is provided
as a substrate disposed between the semipermeable/microdi-
alysis membrane and the bio-object, wherein the substrate
has through holes, each through hole being corresponding to
a respective underlying pixel to allow fluidic communication
with the respective underlying pixel, and wherein the elec-
trodes are connected to detection electronics by thin-film
leads.

12. The system of claim 2, wherein the semipermeable
membrane is made of polyarylonitrile, AN69, cuprophane,
polycarbonate, polyamide, polysufone, polyarylethersul-
fone, or a combination thereof.

13. The system of claim 1, wherein each valve is a rotary
planar valve (RPV), and wherein each pump is a rotary
planar peristaltic micropump (RPPM).
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14. The system of claim 1, wherein the fluidic module
comprises a delivery control unit disposed on one side of the
microdialysis imager, and a collection control unit disposed
on the other side of the microdialysis imager, wherein the
delivery control unit, the microdialysis imager and the
collection control unit are in fluidic communication with
each other, so that input and output of each pixel of the pixel
array are operably controllable by the delivery control unit
and/or the collection control unit.

15. The system of claim 1, wherein the fluidic module
comprises a delivery control unit disposed on one side of the
microdialysis imager, and a collection control unit disposed
on the same side of the microdialysis imager, wherein the
delivery control unit, the microdialysis imager and the
collection control unit are in fluidic communication with
each other, so that input and output of each pixel of the pixel
array are operably controllable by the delivery control unit
and/or the collection control unit.

16. The system of claim 14, wherein

the delivery control unit comprises at least one multi-

channel input selector valve coupled to a plurality of
input ports that operably provides a plurality of fluids,
at least one input pump coupled to the at least one
multi-channel input selector valve, and at least one
multi-channel input director valve coupled to the at
least one input pump;

the collection control unit comprises at least one multi-

channel output collector valve, at least one output
pump coupled to the at least one multi-channel output
collector valve and at least one multi-channel output
director valve; and

the microdialysis imager is coupled between the at least

one multi-channel input director valve of the delivery
control unit and the at least one multi-channel output
collector valve of the collection control unit.

17. The system of claim 16, further comprising an ana-
lyzer unit coupled to the at least one multi-channel output
director valve of the collection control unit.

18. The system of claim 17, wherein the analyzer unit
comprises a at least one of a fluorimeter, an electrochemical
analyzer, a capillary electrophoresis detector, a liquid chro-
matography detector, a radiation detector, an impedance/
conductance analyzer, a mass spectrometer, chemical detec-
tors, or combinations thereof.

19. The system of claim 1, wherein the fluidic module is
configured such that the fluidic substance delivered to the
living bio-object is identical in each pixel of the pixel array,
or different in different pixels of the pixel array.

20. The system of claim 19, wherein the fluidic substance
contains one or more fluids with a concentration of each
fluid controllable in real time.

21. The system of claim 19, wherein the fluidic substance
has a one-dimensional or two-dimensional concentration
gradient distribution across the pixel array.

22. The system of claim 19, wherein the fluidic substance
contains perfusate or drugs, and the effluent contains
dialysate or waste from the living bio-object.

23. A method for microdialysis imaging and regional
fluidic delivery and control for dialyzing/retrodialyzing/
culturing/controlling/analyzing a living bio-object, wherein
the living bio-object comprises cells, tissues, or an organ of
a living subject, comprising:

providing a microdialysis imager and a fluidic network,

wherein the microdialysis imager comprises a imaging
head having N pixels aligned in a pixel array for
monitoring a state of the living bio-object that is in
fluidic communication with the pixel array, N being a
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positive integer greater than one, and wherein the
fluidic network is coupled to the microdialysis imager
and a plurality of fluids and comprises a plurality of
valves, a plurality of fluidic channels in fluidic com-
munication with the plurality of valves, and one or
more pumps coupled to corresponding fluidic channels;
and

individually controlling the plurality of valves and the one

or more pumps of the fluidic network to operably and
selectively deliver a fluidic substance to and continu-
ously collect the effluent from the living bio-object
responsive to the delivered fluidic substance via each
pixel of the pixel array in real time, wherein the fluidic
substance contains one or more of the plurality of
fluids.

24. The method of claim 23, wherein the controlling step
comprises controlling the fluidic substance delivered to the
living bio-object to be identical in each pixel of the pixel
array, or to be different in different pixels of the pixel array.

25. The method of claim 24, wherein the controlling step
comprises controlling the fluidic substance to have a con-
centration of each fluid being constant or varying with time.

26. The method of claim 25, wherein the controlling step
comprises controlling the fluidic substance to have a one-
dimensional or two-dimensional concentration gradient dis-
tribution across the pixel array.

27. The method of claim 24, wherein the fluidic substance
contains perfusate or drugs, and the effluent contains
dialysate or waste from the living bio-object.

28. The method of claim 23, wherein the controlling step
comprises parallel pixel delivery of the fluidic substance,
parallel pixel collection of the effluent, and serial pixel
readout of the effluent.

29. The method of claim 28, wherein the controlling step
comprises M clock steps, M being a positive integer equal
to or less than N, wherein in each clock step, a single aliquot
of the fluidic substance is delivered sequentially to each
pixel in N pixel steps, such that at any time, each pixel
contains a different number of aliquots so that only one pixel
is ready for analysis in each clock step, and then the aliquots
in that pixel are collected for analysis, and the delivery and
collection process in each clock step is repeated for all M
clock steps, so that after the Nth aliquot is delivered to a
pixel and allowed to dialyze the living bio-object, the N
aliquots are then collected and transferred to an analyzer,
and a single, fresh, aliquot is left in that pixel to start a new
full cycle.

30. The method of claim 29, wherein during N full cycles,
the effluent of each pixel is transferred to the analyzer as a
single bolus containing N aliquots.

31. The method of claim 29, further comprising providing
demarcation between a bolus of the effluent that is delivered
to the analyzer from different pixels.

32. The method of claim 31, wherein the step of providing
demarcation comprises injecting a bubble of air between
boluses of the effluent from different pixels, so that the end
of one bolus of the effluent and the beginning of another
bolus of the effluent are detectable by a bubble detector.

33. The method of claim 23, further comprising analyzing
the effluent so as to monitor the state of the living bio-object.

34. The method of claim 23, wherein each pixel comprises
a delivery channel and a collection channel in fluidic com-
munication with each other, wherein each of the delivery and
collection channels of each pixel is in a tube whose end area
defines a pixel area.

35. The method of claim 23, wherein the valves in the
system can be back-flushed to avoid cross-contamination
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between pixels that have different compositions of the
dialysate that is delivered to sequentially filled pixels.
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