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(57) ABSTRACT

A computer-controlled micro-instrumentation biochemical
reaction environment system includes an electrically-con-
trollable microfluidic routing system, at least one microre-
action chamber, at least one micro-instrumentation device,
and at least one electronic microprocessor. The microreac-
tion chamber supports at least one chemical reaction asso-
ciated with a biological signaling pathway. The micro-
instrumentation device measures at least one physical
quantity associated with the signaling pathway. The micro-
processor transmits electrical control signals, receives elec-
trical measurement signals, and executes at least one soft-
ware algorithm. The microreaction chamber is connected to
the microfluidic routing system to receive and transmit at
least a fluid or gas, and the electronic microprocessor
receives electrical measurement signals from the micro-
instrumentation device via a first electric interface and
transmits electrical control signals to electrically-control-
lable microfluidic routing system via a second electrical
interface. The microfluidic routing system can deliver a drug
to the microreaction chamber to influence a chemical reac-
tion associated with a biological signaling pathway.
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COMPUTER SYSTEM AND MICROFLUIDIC
INSTRUMENTATION FOR
NEXT-GENERATION BIOLOGICAL
SIGNALING NETWORK RESEARCH AND
DRUG DISCOVERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 13/157,304, filed Jun. 9, 2011, which claims the
benefit of U.S. Provisional Application No. 61/353,194, filed
Jun. 9, 2010, the disclosures of both of which are incorpo-
rated herein in their entireties by reference.

COPYRIGHT & TRADEMARK NOTICES

[0002] A portion of the disclosure of this patent document
may contain material, which is subject to copyright protec-
tion. Certain marks referenced herein may be common law
or registered trademarks of the applicant, the assignee or
third parties affiliated or unaffiliated with the applicant or the
assignee. Use of these marks is for providing an enabling
disclosure by way of example and shall not be construed to
exclusively limit the scope of the disclosed subject matter to
material associated with such marks.

BACKGROUND OF THE INVENTION

[0003] The invention is directed to innovative tools in
proteomics, metabolomics, kinomics, and bioinformatics.
The invention is also directed to the use of microfluidic/
nanoliter biochemical signaling pathway devices as analy-
sis/-synthesis/regulatory “biochemical chips” for implant in
humans to control disease or pathologies and/or to provide
therapies.

[0004] Implicit in these are individual sequences of chemi-
cal reactions, each of which begins with a chemical reaction
of one kind, which, as it progresses or completes, subse-
quently initiates one or more chemical reactions of another
kind. The latter reaction in turn causes one or more addi-
tional types of subsequent reactions to occur, and so on, to
form chain that can act as a chemical channel for carrying
information. Typically the products produced in a given
chemical reaction are such that they initiate or inhibit one or
more reactions that follow it. Because the information is
carried by a stimulus being transformed by each reaction in
the chain, the term “transduction” has been applied, in
analogy with transducers that transform an input optical,
mechanical, electrical, or mechanical stimulus into an output
stimulus of another type. The structured interactions form a
network, hence the terms signaling network and signal
transduction network.

SUMMARY OF THE INVENTION

[0005] Features and advantages of the invention will be set
forth in the description which follows, and in part will be
apparent from the description, or may be learned by practice
of the invention. The objectives and other advantages of the
invention will be realized and attained by the structure
particularly pointed out in the written description and claims
hereof as well as the appended drawings.

[0006] In an embodiment, the invention comprises a com-
puter-controlled micro-instrumentation biochemical reac-
tion environment system which in turn comprises:
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[0007] an electrically-controllable microfluidic routing
system for the controlled transport of picoliter to nano-
liter quantities of fluids and gases, the microfluidic
routing system comprising at least a first electrical
interface for receiving electrical signals used for con-
trol of the routing of fluids and gases provided by the
microfluidic routing system;

[0008] at least one microreaction chamber for support-
ing at least one chemical reaction associated with a
biological signaling pathway;

[0009] at least one micro-instrumentation device for
measuring at least one physical quantity associated
with the signaling pathway, the micro-instrumentation
device producing at least one electrical measurement
signal, the micro-instrumentation device further com-
prising a second electrical interface for transmitting the
at least one electrical measurement signal; and

[0010] at least one electronic microprocessor config-
ured to transmit electrical control signals, to receive
electrical measurement signals, and to execute at least
one software algorithm;

[0011] wherein the microreaction chamber is connected
to the microfluidic routing system so as to receive at
least one of a fluid or gas from the microfluidic routing
system and to transmit at least one of a fluid or gas to
the microfluidic routing system; and

[0012] wherein the electronic microprocessor receives
electrical measurement signals from at least the first
electrical interface and further transmits electrical con-
trol signals to at least the second electrical interface.

[0013] In another aspect of the invention, the micro-
instrumentation device is physically in contact with the
contents of the microreaction chamber.

[0014] In another aspect of the invention, the micro-
instrumentation device is physically in contact with the
contents of a fluid or gas travelling through the microfluidic
routing system.

[0015] In another aspect of the invention, the electronic
microprocessor is further electrically connected to an exter-
nal signal interface.

[0016] In another aspect of the invention, the electronic
microprocessor transmits electrical measurement signals to
the external signal interface.

[0017] In another aspect of the invention, the electronic
microprocessor receives electrical control signals from the
external signal interface.

[0018] In another aspect of the invention, the algorithm
executing on the electronic microprocessor processes infor-
mation represented in the at least one electrical measurement
signal so as to produce a processed measurement data.
[0019] In another aspect of the invention, the electronic
microprocessor transmits processed measurement data to the
external signal interface.

[0020] In another aspect of the invention, the algorithm
executing on the electronic microprocessor comprises a
control algorithm that produces control information used for
control of the routing of fluids and gases provided by the
microfluidic routing system.

[0021] In another aspect of the invention, the micro-
instrumentation device comprises at least one LED.

[0022] In another aspect of the invention, the electronic
microprocessor generates LED control signals to control the
LED comprised by the micro-instrumentation device.
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[0023] In another aspect of the invention, the system is
further configured for use with numerical signaling pathway
model system.

[0024] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for the monitoring of at least one signaling
pathway.

[0025] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for the monitoring of at least metabolic process.
[0026] In another aspect of the invention, the system is
further configured for use in living organism for analysis of
the operation of at least one signaling pathway.

[0027] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for synthesis of a chemical agent for use in
affecting at least one signaling pathway.

[0028] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for regulation of at least one signaling pathway.
[0029] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for regulation of at least one metabolic process.
[0030] In another aspect of the invention, the system is
further configured for use in living organism to administer a
chemical agent for use in affecting at least one signaling
pathway.

[0031] In another aspect of the invention, the system is
further configured for use in living organism to administer a
therapy delivery for use in affecting at least one signaling
pathway.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] The above and other aspects, features and advan-
tages of the present invention will become more apparent
upon consideration of the following description of preferred
embodiments taken in conjunction with the accompanying
drawing figures.

[0033] FIG. 1 (adapted from [27]) shows a simplified
rendering of major pathways in an archetypical mammalian
cell, omitting for example nearly all feedback loops, most
calcium signaling [7], etc.

[0034] FIG. 2 (adapted from [32]) depicts a categorical
pathway representation calling out specific enzymes and
roles of calmodulin and cAMP (cyclic Adenosine Mono-
Phosphate), noting the extensive number of roles and asso-
ciated pathways involving calmodulin, cAMP, and associ-
ated kinases (enzymes transferring phosphate groups).
[0035] FIG. 3 (adapted from [17]) depicts roles of calcium
and cAMP showcasing the categorical functions of signal
generation, signal amplification [49,65], multiple-source
signal integration, and outputs directing cellular response.
[0036] FIG. 4 (adapted from [14]) depicts one small aspect
of intracellular calcium metabolism, and including exem-
plary feedback paths. In general, new feedback paths are
being sporadically identified.

[0037] FIG. 5 shows an example where a stable elliptical
trajectory with axis of eccentricity rotated by a small
bounded periodic control variation can be “pumped” into
unbounded instability [20].

[0038] FIGS. 6A and 6B show an example of a reachable
set of trajectory points that begins with a convex connected
region but evolves to include a hole, thus defining forbidden
states [11] and flow invariance violations [26].
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[0039] FIG. 7 (adapted from [35]) depicts an exemplary
branched cascade arrangement, showing an exemplary feed-
back path closing one of the branches that can result from an
individual state of an allosteric enzyme.

[0040] FIG. 8 shows (adapted from [34]) depicts portions
of a postulated model for a detailed treatment of calmodulin
behavior in a cascade.

[0041] FIG. 9 depicts a basic framework aspect provided
for by the invention wherein one or more analytical models
of one or more signaling network(s) are represented in a
computer for not only steady-state analysis and numerical
simulation but also utilizing structural analysis tools
designed for sensitivity, non-linear stability, and crosstalk
studies.

[0042] FIG. 10 shows depicts a representation of a tradi-
tional manner in which signaling pathway and signaling
network research advancement has been performed, namely
in three-way iteration among laboratory measurements (of-
ten made with physically large laboratory.

[0043] FIG. 11 depicts an example expansion of the tra-
ditional signaling research approach represented in FIG. 10
s0 as to include mathematical and computer models.
[0044] FIG. 12A depicts an example formalized comput-
erized environment as provided for by the invention, pro-
viding coupling among a computer-based modeling system,
a computer-controlled micro-instrumentation biochemical
reaction environment, and a computer-operated coordination
environment.

[0045] FIG. 126 depicts example interactions among
aspects of traditional signaling research approaches, for
example as depicted in FIG. 11, and the combined signaling
pathway computer modeling and micro-instrumentation
tool, for example as the one depicted in FIG. 12A.

[0046] FIG. 13 depicts an example implementation of a
microfiuidics-based computer-controlled micro-instrumen-
tation biochemical reaction system as provided for by the
invention.

[0047] FIG. 14 depicts a variation on the arrangement of
FIG. 13 wherein at least one micro-reaction chamber is
provided with at least one associated micro-instrumentation
device for measurements of materials and/or events inside
the micro-reaction chamber.

[0048] FIG. 15 depicts a variation on the arrangement of
FIG. 13 wherein the microfluidic routing system is provided
with at least one associated micro-instrumentation device for
measurements of materials and/or events inside the micro-
fluidic routing system.

[0049] FIG. 16 depicts a variation on the arrangement of
FIG. 13 wherein the electrical microprocessor is provided
with at least one external signal interface.

[0050] FIG. 17 depicts a variation on the arrangement of
FIG. 13 wherein the microfluidic routing system is provided
with at least one external interface for the reception and/or
transmission of materials such as fluids and/or gases.
[0051] FIG. 18 depicts a variation on the arrangement of
FIG. 16 which includes the microfluidic routing system is
provided with at least one external interface for the reception
and/or transmission of materials such as fluids and/or gases
of FIG. 17.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0052] In the following, numerous specific details are set
forth to provide a thorough description of various embodi-
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ments. Certain embodiments may be practiced without these
specific details or with some variations in detail. In some
instances, certain features are described in less detail so as
not to obscure other aspects. The level of detail associated
with each of the elements or features should not be construed
to qualify the novelty or importance of one feature over the
others.

[0053] In the following description, reference is made to
the accompanying drawing figures which form a part hereof,
and which show by way of illustration specific embodiments
of the invention. It is to be understood by those of ordinary
skill in this technological field that other embodiments may
be utilized, and structural, electrical, as well as procedural
changes may be made without departing from the scope of
the present invention.

[0054] FIG. 1 (adapted from [27]) shows a simplified
rendering of major pathways in an archetypical mammalian
cell, but is hardly representative. Much is omitted, for
example nearly all feedback loops, most calcium signaling
[7], etc., the understanding of all of which is rapidly expand-
ing. Nearly every pathway depicted in FIG. 1 has extensive
additional structure, with new pathways, crosstalk, and
enzyme properties discoveries reported monthly.

[0055] As to intracellular calcium signaling omitted in
FIG. 1, FIG. 2 (adapted from [32]) depicts a categorical
pathway representation calling out specific enzymes and
roles of calmodulin and cAMP (cyclic Adenosine Mono-
Phosphate), noting the extensive number of roles and asso-
ciated pathways involving calmodulin, cAMP, and associ-
ated kinases (enzymes transferring phosphate groups).
[0056] FIG. 3 (adapted from [17]) depicts roles of calcium
and cAMP showcasing the categorical functions of signal
generation, signal amplification, multiple-source signal inte-
gration, and outputs directing cellular response. Hormones,
cytokines, growth factors, ion channels, ligands, and recep-
tors, among others, provide a means for signaling among
cells and regional or global metabolic control by other
aspects and elements of an organism and/or the environ-
ment.

[0057] FIG. 4 (adapted from [14]) depicts one small aspect
of intracellular calcium metabolism, and including exem-
plary feedback paths. In general, new feedback paths are
being sporadically identified. For example, feedback
recently found and added to models for Ras/RAF/MEK/
ERK kinase signaling model which changes the understand-
ing of the dynamics significantly [29].

[0058] In naturally occurring biological systems, there are
astonishing numbers and wide-ranging types of signaling
and signal transduction communications channels. A star-
tling 20% of the coding genes in humans encode for proteins
directly involved in signal transduction [36]. Although under
study for year, the complexity of signaling networks is just
beginning to be appreciated and somewhat cataloged. A
large number of signaling transduction networks are known,
albeit most in only early stages of identification, and these
are typically barely understood in isolation and even less
understood in their broader intertwined operations and roles
within the organism [45,46]. Vast numbers of new findings
and hypotheses publish monthly.

Roles of Signaling in Disease

[0059] The constituent biochemical signaling and signal
transductions in the environments where they occur are
extraordinarily dependable, implementing or supporting
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almost every life process on the planet. However, biochemi-
cal signal transductions can go awry. Such signal transduc-
tion process failure has been explicitly linked to disease,
illness, and pathology, including cancer. The communication
between the pathways of signal transduction such as TRK
signaling, growth factors (VEGF, TGFs, IGF, EGF, PDGF,
and FGF), NOTCH signaling, cAMP signaling, PI3K/
PTEN/Akt, WNT signaling, RAS signaling, pRb tumor
suppressor, Rel/NF-KB/IKB, STAT, steroid hormone recep-
tor signaling, calcium signaling, and cell death signaling
(death receptor and mitochondria pathway) plays rule in
directly and indirectly to human disorders. For example,
dysregulation of the Signal Transducer and Activator of
Transcription (“Stat”) proteins, RAF kinase signaling path-
ways (such as Ras/RAF/MEK/ERK), cell cycle Cyclin-CDK
complexes aspects of mitosis-promoting factors, growth
factor roles in chemical signaling pathways, and many other
signaling pathways are implicated in cancer. Moreover,
inappropriately triggered cell death programs critical
involve neurodegenerative diseases, multiple sclerosis, Hun-
tington’s disease. A few of the many known or conjectured
other examples of signaling pathways involved in disease
are found in [1, 9, 10, 12, 15, 25, 30] and a host of articles
publishing monthly worldwide. Variations in signaling give
rise to disease, illness, and pathology, and in turn disease,
illness, and pathology can give rise to variations in signal-
ing. Variations in signaling can result from variations in the
ambient reaction environment or from unintended “cross
talk” [21, 31, 37] (coupling) between individual reactions in
two or more biochemical signal transduction pathways (or
even within the same pathway). In general modes of varia-
tion in signaling and resulting behavior remain largely a
mystery. Characterization of signal transduction crucial
regulation of cell communication and cross-talk is potential
for understanding the pathology, human disorders, including
the development of therapeutic innovations [37].

Analytical Models of Signaling Pathways and their Behavior

[0060] Over the last few decades there has been consid-
erable increase in interest in analytical study of signaling
and signal transduction networks within biological systems.
Such study has yielded tremendous value in the understand-
ing of disease, metabolism, drug discovery, gene expression,
and a number of other areas. Future study appears to hold
rich promise, as these basic frameworks of biochemical
communication are involved in almost all aspects of life
processes. Additionally, these biochemical communications
channels—together with their implicit controlling and regu-
latory structures—could potentially be adapted into future
nanotechnology systems, manufacturing, and other non-life-
science applications. Despite extensive analytical study of
signal transduction thus far, the area remains poorly under-
stood. Much effort and impressive success has been made
identifying specific sequences of reactions in specific path-
ways and the constituents of these. However, the structure of
specific reaction types are less understood and few dynamic
behaviors have been reduced to representative mathematical
models. Additionally, few of the needed rate constants
determining dynamic behavior in mathematical models,
have been viably measured in ways relevant to their in situ
occurrences.

[0061] Further, in the known relatively accurate math-
ematical models, the true dynamics quite often comprise
nonlinear differential equations. Few researchers can work
well with these, and so often these nonlinear differential
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equations are linearized (removing their nonlinear character)
and/or studied in steady-state equilibrium (setting all time
derivatives to zero), thereby missing both the intrinsic
nonlinearities and intrinsic dynamics. In other fields of study
involving nonlinear differential equations (such as electronic
communications, mechanics, chemical engineering, and
dynamic control systems), it is through the detailed study of
the nonlinear dynamics behavior that essential aspects of
instability, trajectory bifurcations, sensitivity to outside dis-
turbances at various specific points in the structure, and
other key aspects relative to questions of robustness and
failure modes are revealed. It is in part to these, as well as
other related problems, shortcoming, and applications, that
the present invention is directed.

[0062] As one example, it is clear that many aspects of
signaling pathway dynamics, in particular that of enzyme/
kinase cascades, are naturally structured as “bilinear” (or
“affine”) differential equations as identified at a high level in
1975 by H. T. Banks, et al. [2]. These types of nonlinear
differential equations comprise terms involving the cross-
product between state variables and control variables. As [2]
pointed out, these terms naturally capture essential aspects
of enzyme cascades (as well as those of other catalytic
chemical reaction network models, immunology models,
and epidemiology models). Bilinear differential equations
have unique dynamic behaviors and complexities that are
completely missed by commonly used simplifications such
as linearization, equilibrium point solution from setting time
derivatives to zero, etc. Additionally, many aspects of bilin-
ear differential equation dynamics are not readily summa-
rized or characterized by classical nonlinear differential
equation techniques. Further, many key properties of appli-
cable bilinear differential equations stem from underlying
Lie algebra structures [8, 11, 18] which the inventor’s earlier
[20] and subsequent work shows readily lend themselves to
algorithmic computation in a computer modeling tool.
[0063] In modeling linear dynamics, a separate “state”
variable is used to represent the concentration of each
relevant chemical species. Linear control systems relate
rates of change in state variables to linear combinations of
the state variables and externally adjusted control variables:

dx/dt=Ax+Bu

where x is the vector of state variables, u is a vector of
control variables, A and B are matrices [22]. In many
signaling pathways, variations in concentration of one
chemical species act as a “control” governing variations in
concentration of another chemical species. In chemical
systems involving enzymes or other catalytic processes,
every newly available molecule of the first (“control”)
species catalytically acts to repeatedly create molecules of
the second species. This multiplying operation among
enzyme or catalytic concentrations mathematically amounts
to one state variable multiplying another [2, 26], an opera-
tion naturally modeled by bilinear differential equations
[24]. Specifically, bilinear control systems additionally
relate the rates of change of state variables to cross-products
of state variables with additional externally adjusted control
variables:

dx/dr = Ax + Bu + Z [(e) Ny x]
k

Aug. 17,2017

where (wk denotes the kth component of the vector u.
Control via linear state variable feedback, i.e., where control
variables are linear combinations of state variables u=C x
can introduce cross-products among pairs of state variables.
Bilinear differential equations have many unusual behaviors
and “hidden” instabilities. FIG. 5 shows an example where
a stable elliptical trajectory with axis of eccentricity rotated
by a small bounded periodic control variation can be
“pumped” into unbounded instability [20]. FIGS. 6 A and 6B
show an example of a reachable set of trajectory points that
begins with a convex connected region but evolves to
include a hole, thus defining forbidden states [11] and flow
invariance violations [26]. These and other behaviors are
unlike anything found in linear differential equations, and
there is no known comprehensive catalog of all possible
behaviors of bilinear differential equations. Of noteworthy
interest are Lie algebraic structures within bilinear dynamics
that explicitly connect to stability and behavior of bilinear
differential equations [8, 11, 18]. There is nothing like this
in the behavior of linear differential equations. Thus linear-
izing enzyme cascade differential equations or only exam-
ining equilibrium conditions can completely miss key hid-
den stability issues.

[0064] FIG. 7 (adapted from [35]) depicts an exemplary
branched cascade arrangement, showing an exemplary feed-
back path closing one of the branches that can result from an
individual state of an allosteric enzyme. This offers an initial
hint at the types and degrees of complexity inherent in
signaling pathways and signaling cascades, and specifically
at the need for a computer tool so that these complex
interactions among cascades can be studied. New feedback
loops, new steps and elements of cascades, and new modu-
lations of them are being discovered and reported every few
days as research and understanding intensifies, yet to date
even the surface of this area has barely been surveyed.

[0065] Further regarding allosteric enzymes complexity
and calmodulin in particular, FIG. 8 (adapted from [34])
depicts portions of a postulated model for a detailed treat-
ment of calmodulin behavior in a cascade. This model turns
out to very accurately match empirical measurements that
had otherwise been unexplained and also directly matches
what would be expected from the ternary enzyme protein
folding structure of the calmodulin molecule. This example
demonstrates the radically increasing complexity-handling
required, and it is noted that this is just one element in a
cascade (which in turn is often multiply-branched and
surrounded by various feedback loops)—all further moti-
vating the need for an appropriately capable computer tool.
The example also demonstrates the value of introducing a
model transcendent of specific structural study, something
that can be readily provided by a computer tool.

[0066] Additionally, this example [34] further demon-
strates how quickly aspects that were entirely unknown
(here regarding calmodulin, the classic central enzyme of
calcium signaling) can emerge and need to become incor-
porated into many existing models, suggesting the need for
a modular interface to accept replacement as well as entirely
new models, as is provided for by the present invention.
Another motivating example can be found in [29] where
after a Ras/RAF/MEK/ERK kinase signaling model without
feedback had been long standing, a feedback loop was
recently discovered and incorporated in the mathematical
model. Additionally, the resulting mathematical model was
used to demonstrate detailed behavior of a tumor-suppress-
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ing drug. Here again, the need for an ability to amend
mathematical models that may be long-standing is demon-
strated, as well as the value of these models in drug and
therapy discovery [28].

Background on Computer Models of Signaling Pathways

[0067] Computer models exist for the numerical simula-
tion of the dynamics of classical enzyme reactions. Most of
these are directed to the kinetics of isolated enzyme reac-
tions, although a few are directed towards enzyme cascades
in particular. Although useful, in general these computer
models do not provide accurate nonlinear structural stability
analysis of the larger nonlinear enzyme cascade dynamics
(as may be valuable for revealing essential aspects of
instability, trajectory bifurcations, sensitivity to outside dis-
turbances at specific points in the signal chain, and other key
aspects relating to questions of robustness and failure
modes).

[0068] The most natural way of representing the dynamics
of systems where one state variable controls the gain of
another state variable in affecting the rate of change of a
third state variable is a system of differential equations with
“cross products” among the state variables. This has been
repeatedly recognized in many papers on mathematical
models of the dynamics of enzyme cascades (see [3] as one
example). In general the detailed dynamics of a number of
enzyme cascades comprise nonlinear differential equations,
most involving such cross-product terms among state vari-
able. Few researchers can work well with these, or nonlinear
differential equations in general, so usually (as in [3, 4], and
countless others) these nonlinear differential equations are
linearized (removing their nonlinear character) and/or stud-
ied in steady-state equilibrium (setting all time derivatives to
zero) therefore missing both the intrinsic nonlinearities and
intrinsic dynamics. Feedback considerably complicates the
picture [5, 6, 16], as do allosteric enzymes [90, 38, 39-44],
multiple pathways [16, 28], and cross-talk [21, 31, 37]
mingling among the signaling pathways and cascades. The
paper [4] attempts to characterize some stability effects of
crosstalk effects using gross properties of graph and matroid
structures within the matrix arising from linearization of the
signaling cascade differential equations. This course of
research is noteworthy and in keeping with the notion of
“hidden” structural stability implications [23, 33], but suf-
fers from the linearization step throwing out all multiplica-
tive structure among state variables.

[0069] There are a number of available computer software
modeling tools for modeling or simulating aspects of sig-
naling pathways. These available software modeling tools
simulate presented conditions and/or explore linear-alge-
braic characteristics such as linear eigenmodes (and in some
cases offer linear stability analysis). The linear analysis
features of these available computer tools are incapable of
identifying the dynamics, stability, sensitivity, and other key
properties of bilinear differential equations modeling
enzyme/kinase cascades. The simulation computer tools that
numerically render nonlinear enzyme/kinase cascade differ-
ential equation models more precisely can compute and
support analysis of simulation results for specified assumed
conditions. These cannot identify structural features relating
to stability and sensitivity properties of bilinear systems of
differential equations modeling enzyme/kinase cascades.
Finally, none of the available computer tools appear to
provide much in the way of crosstalk study or in variation of
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ambient chemical environment properties that could affect
pathway operation. The fact that none of these software
packages provides essential fundamental bilinear stability
and sensitivity, crosstalk, or provide support for the study of
allosteric pathways [90, 38, 39-44] and hysteresis [19]
underscores the value of the modeling portion the present
invention.

[0070] A more extensive understanding of signaling path-
ways is becoming increasingly indispensable. Enzyme
recovery dynamics, feedback loops [5, 6, 16], allosteric
behaviors, exogenous regulatory controls, and signaling
cross-talk transform open-loop cascade dynamics into con-
siderably complex form whose pathological behavior and
sensitivities are barely understood [45, 46]. The fact that
enzyme cascades can integrate multiple input stimuli, radi-
ate outputs over different substrates, and modulate several
pathways at the same time [13] cries out for the need for
fundamental mathematical honesty and clarity in the basic
modeling of such key elements of signaling pathways as
well as a far more comprehensive treatment of their com-
posite behavior.

[0071] The invention combines a new generation of com-
puter modeling (new in scope, nonlinear treatment, and
analysis tools), a model-refinement environment, and a new
method of signaling network biochemical measurement and
emulation.

[0072] More specifically, the invention combines a new
generation of computer-based mathematical modeling
(larger networks, accurate nonlinear treatment, crosstalk/
allosteric/hysteresis support, advanced structural analysis
tools), a model-refinement environment, and microfluidic/
nanoliter signaling network biochemical measurement and
emulation technologies to create new tools and approach for
next-generation biological signaling network research and
applications.

[0073] The invention further provides for the use of micro-
fluidic/nanoliter biochemical signaling pathway devices as
analysis/-synthesis/regulatory ~ “biochemical chips” for
implant in humans to control disease or pathologies.
[0074] As to a new generation computer modeling
addressing the many bilinear and nonlinear mathematical
aspects raised above, FIG. 9 shows an example basic frame-
work provided for by the invention wherein one or more
analytical models of one or more signaling network(s) are
represented in a computer for not only steady-state analysis
and numerical simulation but also focused applicable struc-
tural analysis tools designed for sensitivity, non-linear sta-
bility, and crosstalk studies. The mathematical modeling
system can comprise one or more elements from the com-
puter modeling system taught in the inventor’s pending U.S.
patent application Ser. No. 12/767,794 “Nonlinear and Lie
Algebra Structural Analysis System for Enzyme Cascades,
Metabolic Signal Transduction, Signaling Pathways, Cata-
Iytic Chemical Reaction Networks, and Immunology.”
[0075] To date, computer models have hardly been the
driver of signaling pathway and signaling network research.
Instead, an interactive process such as that of FIG. 10, which
depicts a representation traditional manner in which signal-
ing pathway and signaling network research has usually
been performed. Such traditional approaches employ a
three-way iteration among laboratory measurements (often
made with physically large laboratory instruments), analyti-
cal reasoning (usually biochemical or biophysical with lim-
ited use of computers), and evolving biochemical models.
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Tremendous accomplishments have been achieved with this
paradigm, but more recently new trends have expanded this
approach to include mathematical and computer models, as
suggested in the representation of FIG. 11. Here, the three-
way iteration among laboratory measurements, analytical
reasoning, and evolving biochemical models are used to
create mathematical models which in turn can be explored
on the computer. The allosteric model of calmodulin pro-
posed by [34] (shown in part in FIG. 8) is a good illustrative
example of this, wherein the computer model matched
measured data so well as to provide a convincing case for
allosteric behavior of calmodulin which could be absorbed
into analytical reasoning and biochemical models of calmo-
dulin function.

Combining Signaling Pathway Computer Models with a
Computer-Controlled Micro-Instrumentation Biochemical
Reaction System

[0076] The invention is directed to a more formal com-
puterized environment for work of this type, and providing
coupling to a computer-controlled micro-instrumentation
biochemical reaction system as shown FIG. 12a¢ and in the
upper right portion of FIG. 125.

[0077] More specifically, FIG. 12A depicts an example
formalized computerized environment as provided for by the
invention, providing coupling among a computer-based
modeling system, a computer-controlled micro-instrumen-
tation biochemical reaction system, and a computer-oper-
ated coordination environment.

[0078] The invention provides for a combined advanced
nonlinear computer modeling and computer-controlled
micro-instrumented emulation tool includes explicit com-
ponents for incorporating new discovery, model refinement,
a computer operated coordination environment, and (not
shown In FIG. 12a) a data management environment.

Collaborative Applications of the Combined Signaling
Pathway Computer Models and Computer-Controlled
Micro-Instrumentation Biochemical Reaction System

[0079] Although the resulting combined signaling path-
way computer modeling and micro-instrumentation tool will
have important stand-alone value, and additional value
magnified by the networking of collaborators using
instances of the combined signaling pathway computer
modeling and micro-instrumentation tool and exchanging
data and models, the tool will also be designed to smoothly
interface with traditional signaling research approaches (i.e.,
those of FIGS. 10-11). FIG. 1256 depicts example interac-
tions of this sort among aspects of traditional signaling
research approaches, for example as depicted in FIG. 11, and
the combined signaling pathway computer modeling and
micro-instrumentation tool, for example as the one depicted
in FIG. 12A. The resulting exchanges will provide a valu-
able new method for making important advancements in
signaling pathway research, metabolism, disease studies,
drug discovery, drug design, and therapy design.

[0080] In an implementation, the resulting combined sig-
naling pathway computer modeling and micro-instrumenta-
tion tool can be designed with an open architecture and open
model format so that data and models may be freely
exchanged among researchers, for example using the
expanding number of on-line databases and model reposi-
tories [47-56].
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Example Applications for the Combined Signaling Pathway
Computer Models and Computer-Controlled
Micro-Instrumentation Biochemical Reaction System

[0081] The scope of the envisioned tool can be obviously
extensive. An representational example, which is by no
means limiting, is directed to the study of signaling path-
ways involving calmodulin. This example utilizes a rich
number of the capabilities of the invention as calmodulin:

[0082] Is involved in a large number of signaling path-
ways and metabolic processes;

[0083] Interacts with many types of signaling mecha-
nisms, for example enzyme cascades, metal and chlo-
rine ions, nitric oxide, redox, hormones, etc.;

[0084] Is known to be a component in complex signal-
ing comprising feedback, modulation, etc.;

[0085] Is subject to crosstalk (for example with Protein
Kinase C [21, 31));

[0086] Arguably exhibits (4-level) allosteric behavior
[34];
[0087] Isinvolved in pathways implicated in or affected

by numerous diseases, illnesses, and pathologies,
including cancer [12];

[0088] Is deeply involved, along with nitric oxide, in
key cell-death (apoptosis) processes;

[0089] Permits relatively straightforward micro-instru-
mentation of concentration level measurements for
many associated signal transduction species;

[0090] Is well-studied with extensive literature and sub-
ject to near-constant new discoveries.

[0091] The invention provides for the afore-described
system to be used in signaling pathway research.

[0092] The invention provides for the afore-described
system to be used in drug discovery.

[0093] The invention provides for the afore-described
system to be used in drug design.

[0094] The invention provides for the afore-described
system to be used in therapy discovery.

[0095] The invention provides for the afore-described
system to be used in therapy design.

Computer-Controlled Micro-Instrumentation Biochemical
Reaction System

[0096] The computer-controlled micro-instrumentation
biochemical reaction system can, for example, utilize micro-
fluidic lab-on-a-chip and reconfigurable lab-on-a-chip tech-
nologies and technologies to create microfluidic/nanoliter
“lab-on-a-chip”-like technologies for micro-scale isolation
of reactive intermediates and leveraging these for organic
chemical synthesis and analysis.

[0097] The invention provides for a computer-controlled
micro-instrumentation biochemical reaction system using
lab-on-a-chip and reconfigurable lab lab-on-a-chip technol-
ogy, including but not limited to innovations and material
taught in the following pending patent applications:

[0098] U.S. Ser. No. 11/946,678, “Reconfigurable
Chemical Process Systems.”

[0099] U.S. Ser. No. 12/328,726, “Software Systems for
Development, Control, Programming, Simulation, and
Emulation of Fixed and Reconfigurable Lab-on-a-Chip
Devices.”

[0100] U.S. Ser. No. 12/328,716, “Multi-Channel
Chemical Transport Bus for Microfluidic and Other
Applications.”
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[0101] U.S. Ser. No. 12/328,713, “Software-Controlled
Lab-on-a-Chip Emulation.”

[0102] U.S. Ser. No. 12/931,867 “Chemical Synthesis
via Electron Transfer, Excited States, and/or Reactive
Intermediates from Integrated and/or Sequential Pho-
tochemical and Electrochemical Processes”

[0103] The aforementioned micro-instrumentation can
include optical detection of markers and other photochemi-
cal phenomena. For example, specific types of biochemical
markers can be introduced into a confined micro-environ-
ment and stimulated with UV light produced by a UV LED
that can be detected by a photodetector. For example, UV
LEDs with a range of wavelengths as short as 400-240 nm
are currently supplied/distributed by Sensor Electronic
Technology Inc. (http://www.s-et.com/index.html).

[0104] In an embodiment, the photodetector comprises a
photodiode. In another embodiment, the photodetector com-
prises one or more LEDs.

[0105] Micro-environment chemistry suitable for micro-
fluidic/lab-on-a-chip implementation is described in pending
U.S. patent application Ser. No. 12/931,867.

[0106] Associated structures, software, control systems,
fluid and gas routing, sensors, electronics, etc. is described
in these present inventor’s pending patent applications:

[0107] U.S. Ser. No. 11/946,678, “Reconfigurable
Chemical Process Systems.”

[0108] U.S. Ser. No. 12/328,726, “Software Systems for
Development, Control, Programming, Simulation, and
Emulation of Fixed and Reconfigurable Lab-on-a-Chip
Devices.”

[0109] U.S. Ser. No. 12/328,716, “Multi-Channel
Chemical Transport Bus for Microfluidic and Other
Applications.”

[0110] FIG. 13 depicts an example implementation of a
microfiuidics-based computer-controlled micro-instrumen-
tation biochemical reaction system as provided for by the
invention.

[0111] This example arrangement comprises:

[0112] an electrically-controllable microfluidic routing
system for the controlled transport of picoliter to nano-
liter quantities of fluids and gases, the microfluidic
routing system comprising at least a first electrical
interface for receiving electrical signals used for con-
trol of the routing of fluids and gases provided by the
microfluidic routing system;

[0113] at least one microreaction chamber for support-
ing at least one chemical reaction associated with a
biological signaling pathway;

[0114] at least one micro-instrumentation device for
measuring at least one physical quantity associated
with the signaling pathway, the micro-instrumentation
device producing at least one electrical measurement
signal, the micro-instrumentation device further com-
prising a second electrical interface for transmitting the
at least one electrical measurement signal; and

[0115] at least one electronic microprocessor configured
to transmit electrical control signals, to receive electri-
cal measurement signals, and to execute at least one
software algorithm;

[0116] wherein the microreaction chamber is connected
to the microfluidic routing system so as to receive at
least one of a fluid or gas from the microfluidic routing
system and to transmit at least one of a fluid or gas to
the microfluidic routing system; and
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[0117] wherein the electronic microprocessor receives
electrical measurement signals from at least the first
electrical interface and further transmits electrical con-
trol signals to at least the second electrical interface.

[0118] FIG. 14 depicts a variation on the arrangement of
FIG. 13 wherein at least one micro-reaction chamber is
provided with at least one associated micro-instrumentation
device for measurements of materials and/or events inside
the micro-reaction chamber.

[0119] FIG. 15 depicts a variation on the arrangement of
FIG. 13 wherein the microfluidic routing system is provided
with at least one associated micro-instrumentation device for
measurements of materials and/or events inside the micro-
fluidic routing system.

[0120] FIG. 16 depicts a variation on the arrangement of
FIG. 13 wherein the electrical microprocessor is provided
with at least one external signal interface.

[0121] FIG. 17 depicts a variation on the arrangement of
FIG. 13 wherein the microfluidic routing system is provided
with at least one external interface for the reception and/or
transmission of materials such as fluids and/or gases.
[0122] FIG. 18 depicts a variation on the arrangement of
FIG. 16 which includes the microfluidic routing system is
provided with at least one external interface for the reception
and/or transmission of materials such as fluids and/or gases
of FIG. 17.

[0123] Any of the above arrangements can be used indi-
vidually or in various combinations.

[0124] In another aspect of the invention, the micro-
instrumentation device is physically in contact with the
contents of the microreaction chamber.

[0125] In another aspect of the invention, the micro-
instrumentation device is physically in contact with the
contents of a fluid or gas travelling through the microfluidic
routing system.

[0126] In another aspect of the invention, the electronic
microprocessor is further electrically connected to an exter-
nal signal interface.

[0127] In another aspect of the invention, the electronic
microprocessor transmits electrical measurement signals to
the external signal interface.

[0128] In another aspect of the invention, the electronic
microprocessor receives electrical control signals from the
external signal interface.

[0129] In another aspect of the invention, the algorithm
executing on the electronic microprocessor processes infor-
mation represented in the at least one electrical measurement
signal so as to produce a processed measurement data.
[0130] In another aspect of the invention, the electronic
microprocessor transmits processed measurement data to the
external signal interface.

[0131] In another aspect of the invention, the algorithm
executing on the electronic microprocessor comprises a
control algorithm that produces control information used for
control of the routing of fluids and gases provided by the
microfluidic routing system.

[0132] In another aspect of the invention, the micro-
instrumentation device comprises at least one LED.

[0133] In another aspect of the invention, the electronic
microprocessor generates LED control signals to control the
LED comprised by the micro-instrumentation device.
[0134] In another aspect of the invention, the system is
further configured for use with numerical signaling pathway
model system.
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Implantable Biochemical Chip Applications

[0135] There are many possible applications for microflu-
idic/nanoliter “lab-on-a-chip” technology capable of instru-
menting and emulating portions of biochemical signaling
pathways. Two important example application areas for such
technology are:

[0136] As considered earlier, use of microfluidic/nano-
liter biochemical signaling pathway devices as an emu-
lation component of signaling pathway and drug R&D
modeling and emulation systems such as that depicted
in FIG. 12a;

[0137] Second, use of microfluidic/nanoliter biochemi-
cal signaling pathway devices for one or more of
monitoring, analysis, synthesis, regulatory, and drug-
delivery “biochemical chips” for implant in living
organisms (such as humans, animals, or plants) to
control and/or monitor disease or pathologies.

[0138] Use of the microfluidic/nanoliter biochemical sig-
naling pathway devices provided for by the invention as
monitoring, analysis, synthesis, regulatory, drug delivery,
and/or therapy delivery “biochemical chips” or other typed
of devices for implanting or ingesting in living organisms
(such as humans, animals, or plants) so to perform, accord-
ing to various embodiments, one or more of the following
functions:

[0139] control of disease processes;

[0140] control of pathology processes;

[0141] providing of therapies;

[0142] monitoring of signaling activity;

[0143] monitoring of metabolic activity;

[0144] monitoring of gene expression activity;

[0145] delivery of drugs;

[0146] internal synthesis of drugs;

[0147] altering of signaling activity;

[0148] altering of metabolic activity;

[0149] alerting of gene expression activity.
[0150] In another aspect of the invention, the system is

further configured for use in living organism as in living
organisms for the monitoring of at least one signaling
pathway.

[0151] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for the monitoring of at least metabolic process.
[0152] In another aspect of the invention, the system is
further configured for use in living organism for analysis of
the operation of at least one signaling pathway.

[0153] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for synthesis of a chemical agent for use in
affecting at least one signaling pathway.

[0154] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for regulation of at least one signaling pathway.
[0155] In another aspect of the invention, the system is
further configured for use in living organism as in living
organisms for regulation of at least one metabolic process.
[0156] In another aspect of the invention, the system is
further configured for use in living organism to administer a
chemical agent for use in affecting at least one signaling
pathway.

[0157] In another aspect of the invention, the system is
further configured for use in living organism to administer a
therapy delivery for use in affecting at least one signaling
pathway.

Aug. 17,2017

LTI

The terms “certain embodiments”, “an embodi-
5 e 2 <

ment”, “embodiment”, “embodiments”, “the embodiment”,
“the embodiments”, “one or more embodiments”, “some
embodiments”, and “one embodiment” mean one or more
(but not all) embodiments unless expressly specified other-
wise. The terms “including”, “comprising”, “having” and
variations thereof mean “including but not limited to”,
unless expressly specified otherwise. The enumerated listing
of items does not imply that any or all of the items are
mutually exclusive, unless expressly specified otherwise.
The terms “a”, “an” and “the” mean “one or more”, unless
expressly specified otherwise.

[0159] While the invention has been described in detail
with reference to disclosed embodiments, various modifi-
cations within the scope of the invention will be apparent to
those of ordinary skill in this technological field. It is to be
appreciated that features described with respect to one
embodiment typically can be applied to other embodiments.
[0160] The invention can be embodied in other specific
forms without departing from the spirit or essential charac-
teristics thereof. The present embodiments are therefore to
be considered in all respects as illustrative and not restric-
tive, the scope of the invention being indicated by the
appended claims rather than by the foregoing description,
and all changes which come within the meaning and range
of equivalency of the claims are therefore intended to be
embraced therein.

[0161] Although exemplary embodiments have been pro-
vided in detail, various changes, substitutions and alterna-
tions could be made thereto without departing from spirit
and scope of the disclosed subject matter as defined by the
appended claims. Variations described for the embodiments
may be realized in any combination desirable for each
particular application. Thus particular limitations and
embodiment enhancements described herein, which may
have particular advantages to a particular application, need
not be used for all applications. Also, not all limitations need
be implemented in methods, systems, and apparatuses
including one or more concepts described with relation to
the provided embodiments. Therefore, the invention prop-
erly is to be construed with reference to the claims.

[0158]
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What is claimed is:

1. A computer-controlled micro-instrumentation bio-
chemical reaction environment system, the system compris-
ing:

at least one microreaction device comprising a microre-

action chamber configured to support at least one
chemical reaction associated with a biological signal-
ing pathway;

an electrically-controllable microfluidic routing system

configured to control transport of picoliter to nanoliter
quantities of at least one fluid, wherein the microfluidic
routing system comprises at least a first electrical
interface for receiving electrical signals, wherein the
microfluidic routing system transports the at least one
fluid to and/or from the at least one microreaction
chamber;

one or more micro-instrumentation devices associated

with a second electrical interface, wherein the one or
more micro-instrumentation devices are configured to
measure a plurality of physical quantities associated
with a plurality of aspects of the biological signaling
pathway; and

at least one electronic processor configured to:

transmit, to the first electrical interface, a control signal
to control the routing of the at least one fluid pro-
vided by the microfluidic routing system,

receive, from at least the second electrical interface,
one or more electrical measurement signals associ-
ated with the one or more micro-instrumentation
devices, and

produce processed measurement data based on infor-
mation in at least one of the one or more electrical
measurement signals; and

wherein the at least one fluid provided by the microfluidic

routing system is configured to deliver a drug to the
microreaction chamber to influence the at least one
chemical reaction associated with the biological sig-
naling pathway.

2. The system of claim 1 wherein the one or more
micro-instrumentation devices are physically in contact with
the at least one fluid in the microreaction chamber.

3. The system of claim 1 wherein the one or more
micro-instrumentation devices are configured to be physi-
cally in contact with contents of a fluid travelling through the
microfluidic routing system.

4. The system of claim 1 wherein the at least one
electronic processor is further electrically connected to an
external signal interface.

5. The system of claim 4 wherein the at least one
electronic processor transmits electrical measurement sig-
nals to the external signal interface.

6. The system of claim 4 wherein the at least one
electronic processor receives electrical control signals from
the external signal interface.

7. The system of claim 1 wherein an algorithm executing
on the at least one electronic processor processes informa-
tion represented in the at least one electrical measurement
signal so as to produce the processed measurement data.

8. The system of claim 7 wherein the at least one
electronic processor transmits the processed measurement
data to an external signal interface.

9. The system of claim 1 wherein an algorithm executing
on the at least one electronic processor comprises a control
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algorithm that produces control information used for control
of routing of fluids provided by the microfluidic routing
system.

10. The system of claim 1 wherein the one or more
micro-instrumentation devices comprise at least one light
emitting diode (LED) used to provide a source of light
utilized in operation of the one or more micro-instrumenta-
tion devices.

11. The system of claim 10 wherein the at least one
electronic processor generates control signals to control the
at least one LED.

12. The system of claim 1 wherein the first electrical
interface and the second electrical interface are comprised
within a common communications arrangement.

13. The system of claim 1 wherein the system is further
configured for use in living organisms for the monitoring of
at least one signaling pathway.

14. The system of claim 1 wherein the system is further
configured for use in living organisms for the monitoring of
at least metabolic process.
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15. The system of claim 1 wherein the system is further
configured for use in living organisms for analysis of opera-
tion of at least one signaling pathway.

16. The system of claim 1 wherein the system is further
configured for use in living organisms for synthesis of a
chemical agent for use in affecting at least one signaling
pathway.

17. The system of claim 1 wherein the system is further
configured for use in living organisms for regulation of at
least one signaling pathway.

18. The system of claim 1 wherein the system is further
configured for use in living organisms for regulation of at
least one metabolic process.

19. The system of claim 1 wherein the system is further
configured for use in living organisms to administer a
chemical agent for use in affecting at least one signaling
pathway.

20. The system of claim 1 wherein the system is further
configured to measure effects of the drug on the at least one
signaling pathway.



