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Abstract—The sophistication and success of recently reported
microfabricated organs-on-chips and human organ constructs
have made it possible to design scaled and interconnected organ
systems that may significantly augment the current drug devel-
opment pipeline and lead to advances in systems biology. Physio-
logically realistic live microHuman (xHu) and milliHuman (mHu)
systems operating for weeks to months present exciting and impor-
tant engineering challenges such as determining the appropriate
size for each organ to ensure appropriate relative organ functional
activity, achieving appropriate cell density, providing the requisite
universal perfusion media, sensing the breadth of physiological re-
sponses, and maintaining stable control of the entire system, while
maintaining fluid scaling that consists of ~5 mL for the mHu and
~5 pL for the pHu. We believe that successful mHu and pHu
systems for drug development and systems biology will require
low-volume microdevices that support chemical signaling, micro-
fabricated pumps, valves and microformulators, automated optical
microscopy, electrochemical sensors for rapid metabolic assess-
ment, ion mobility-mass spectrometry for real-time molecular
analysis, advanced bioinformatics, and machine learning algo-
rithms for automated model inference and integrated electronic
control. Toward this goal, we are building functional prototype
components and are working toward top-down system integration.

Index Terms—Artificial biological organs, biological systems,
biotechnology, systems biology.
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|. INTRODUCTION

NTEREST israpidly growing in using microfabricated hu-

man organs-on-chips (OoCs) and tissue-engineered human
organ constructs (HoCs) to complement the cell-culture/animal/
human tests comprising the current drug development pipeline
[1]. While there are a number of individual OoCs/HoCs as de-
scribed in recent reviews [2]-{4], only limited reports describe
coupled organs [5], [6]. The study of how multiple organs af-
fect drug efficacy and toxicity requires the interconnection of
many OoCs/HoCs to create physiologically realistic microHu-
man (xHu) and milliHuman (mHu) systems that can operate
stably for weeks (see Fig. 1). This presents a remarkable se-
ries of engineering challenges, which if met could revolutionize
drug discovery and systems biology.

While there are numerous individual challenges associated
with the development of individual organs (e.g., bone marrow,
brain, gastrointestinal system, heart, kidney, liver, lung, lymph
node, pancreas, skeletal muscle, skin, testes, ovary, uterus, etc.),
it is important to recognize that there are two complementary
approaches when developing OoC systems. Bottom-up begins
with a detailed specification of each organ, progresses to com-
bine them into coupled systems (e.g., heart-ung and intestine—
liver), and continues adding organs to create more complex
models. Top—down considers the abstract, system-level archi-
tecture [7] of a human and then breaks the system down into
the functionality of compositional organ systems (e.g., scaling,
blood surrogate, interconnections, sensing, and control). The
descriptive scale and interconnections are successively refined
until the baseline specifications are defined. Both approaches
are needed and ideally will be complementary. We now address
these challenges from a top-down perspective.

Il. ENGINEERING CHALLENGES

As summarized by the partial list in Table |, the challenges
in developing useful coupled OoC/HoC systems span a breadth
of engineering, biological, and medical disciplines. These chal-
lengesrange from fundamental issues of organ scaling to obtain-
ing analytical measurementsin very small volumes, and include
modeling, control, and cost.

A. Determining the Proper Size of Each Organ

The coupled OoC programs funded by the Food and Drug
Administration (FDA) [8], the Defense Advanced Research
Projects Agency (DARPA) [9], the National Institutes of Health
(NIH) [10], and the Defense Threat Reduction Agency (DTRA)
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Fig. 1. Schematic representation of how multiple OoC devices might be in-
terconnected to form an instrumented mHu system.

TABLE |
ENGINEERING CHALLENGES FOR COUPLED O0Cs

Determining the proper size of each organ

Fluidic control of mL and uL volumes

Analytical chemistry in pL and nL volumes, including comprehensive
molecular characterization in real time

Maintaining and controlling coupled organ systems

Vascularizing organs with appropriate surface-to-volume ratios

Developing a universal blood surrogate

Missing organs and the adjustment of blood surrogate

Modeling coupled organ systems

Characterization of organ health and disease

Minimizing organ cost to enable high-content screening

[11] aim to develop miniature, coupled organoid systems that
utilize human cells to measure drug efficacy, toxicity, and in-
terorgan interactions, and possibly study the effects of ma-
liciously engineered pathogens. Hence, the success of these
projectsiscontingent on constructing organ model sthat havethe
correct relative sizesand vascul ar volumes, lest drug metabolites
from one organ are presented to other organs in unrealistically
high or low concentrations. For instance, if a 0.1 pLung [12]
were coupled to a mLiver [13], the mLiver might not respond
significantly to drugs or toxins delivered through or metabo-
lized by the pLung, e.g., the conversion of angiotensin | into
angiotensin I1. To design and achieve organ systems represent-
ing the appropriate fraction of an adult humanisamajor systems
engineering challenge.

In contrast to the various animals used in conventional phar-
macokinetics and pharmacodynamics (PKPD) studies, whose
relative organ sizes have evolved in a self-consistent manner
over eons, the relative size of organs for a coupled HoC/OoC

systemisat thediscretion of the systemsintegrator. Thisflexibil-
ity has important implications for the assessment of the effects
of drugs and toxins on system physiology, and may also pro-
vide an opportunity for creating model systems that are better
matched to human physiology of various ages or disease states
than are smaller mammals.

There is vast literature on alometric scaling of organs as a
function of body mass from the shrew to the whale [14]-{18].
While an animal’s mass M increases as linear dimension L2,
structural issuesrequirethat the cross-sectional areaof the bones
increase out of linear proportion [15], [16]. Quantities such as
liver mass are found to be proportional to the body mass raised
to a power, termed the allometric coefficient. Metabolic rates
scale approximately as M7, blood circulation time scales as
M2 and pulmonary and vascular networks exhibit A7°-7°
scaling. Different organ parameters scale with different alo-
metric coefficients. For example, the allometric coefficients for
hepatic mass, blood flow, blood volume, and oxygen consump-
tion are 0.886, 0.91, 0.86, and 0.69, respectively [19]. Table Il
shows allometric scaling of organ mass with body mass using
published primate scaling laws [14], where the organ weight
M, in grams is given by M, = A x M}P, where M, is the
body weight in kilograms. Examination of the rightmost col-
umn, which shows the ratio of 1000 times the mHu organ mass,
i.e, 1000x™Hu\f  to that of the adult human, 1.0x"“ M,
demonstrates that because of the extrapolation over three orders
of magnitude in mass and the differing allometric coefficients
for each organ, it isnot possibleto use allometric scaling to con-
struct a mHu that has the same relative proportions as an adult
human—the discrepancy between organ sizesrangesfrom afac-
tor of 0.4 to 10. The situation is even worse in scaling metabolic
rates and blood circulation time, with allometric coefficients of
0.75and 0.25, so that were oneto useasimpleallometric scaling
approach in building amHu, one might create a system that was
representative of a mouse, with a heart rate of ~500 beats per
minute (bpm) and the appropriate metabolic rates, rather than
amHu, with a heart rate of ~70 bpm. Furthermore, thereis no
universal agreement as to whether relative organ sizes should be
normalized by mass, surface area, volumetric flow [20], or other
principles [21], and one should not expect to find a consistent
set of alometric coefficients that would allow one to predict
the correct value of various organ parameters. As organs are
made smaller, scaling will ultimately fail, since individual cells
have afixed size and appear at low density (threeleukocytes per
microliter of cerebral spinal fluid, and aventricular myocardium
must be at least one cell thick).

The pharmaceutical industry hasfound it more appropriate to
use physiol ogy-based scaling rather than simple allometric scal-
ing [22]{24] as it extrapolates data from well-plates and cell-
culture dishesin the calculation, for example, of thefirst doseto
primates or humans[25]. Simple scaling of drug doses by body
weight aloneis convenient but can be misleading, particularly if
clearance, volume of distribution, and enzyme kinetics are not
considered properly in the extrapolation [26]-{29]. It will be
necessary to ensure that the mHu-to-Hu extrapolation includes
differencesin protein binding, drug transport, metabolism, and
biliary and urinary excretion between the engineered mHu and
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adult Hu tissues [30], and also how these factors are affected by
missing organs. The delivery of some drugs may be permeabil-
ity limited, whereas for others flow may be the limiting factor,
such that both the circulatory and permeability properties [31]
of the mHu HoC/OoC system must be considered relative to the
intact Hu.

Hence, we believe that the correct approach for determin-
ing the size of an organ is to choose the size that provides
the appropriate relative organ functiona activity, e.g., heart:
volume pumped; lung: gas exchanged; liver: metabolism; kid-
ney: molecular filtering and transport; brain: blood-brain barrier
function and synapse formation. It is critical to specify the rel-
evant functionsthat are to be modeled, determine the efficiency
with which each function can be realized in an OoC/HoC, and
then construct OoCs/HoCs with the physical dimensions that
support the desired functional performance. An OoC/HoC sys-
tem should reflect a small fraction of an adult human, and, in
the words of D. E. Ingber (personal communication), “create
living histological sections of an adult human.” A combination
of device design, attention to physiological details, measured
enzyme kinetics, computational models, and confirmatory ex-
periments will be required to specify the physical dimensions
of OoCg/HoCs that will accomplish this.

B. Fluidic Control of Milliliter and Microliter Volumes

Just as the organs need to be scaled functionally, so must
be the blood volume. Given that the average blood volume of
an adult human (1 Hu) is ~5 L, the blood volume of a mHu
and pHu should be ~5 mL and ~5 pul, respectively. The vol-
ume of circulating blood surrogate must match organ size to
avoid unphysiological dilution of metabolites, hormones, and
paracrine signals to the point that each organ operates indepen-
dent of the other organs. This presentsavariety of challenges, in
that the small volumes required for mHu and Hu systems for
drug development and systems biology place severe constraints
on many systems components. Highly instrumented bioreactors
will need to support tissue-density cells [32] in a manner that
enables paracrine and endocrine signaling [33]. Thisin turn re-
quires low-volume pumps [34] and miniature valves, all at low
cost, and compact and affordable support hardware to allow
massively parallel experiments over weeks to months.

These strict requirements place severe fabrication constraints
on not only the organs but the larger systems that interconnect,
sense, and control their function, as illustrated in Fig. 2. Con-
ventional commercially available syringe and peristaltic pumps
have dead volumes that are orders of magnitude larger than the
total blood volume of 1.0 Hu or even 10.0 zHu. Hence, there
are significant challenges for microfluidic engineers to develop
pumps, valves, bubble traps, and interconnects, as well as pres-
sure, flow, and osmolarity sensors with small dead volume, al
appropriately scaled to coupled OoCs/HoCs, that do not bind
drugs, and that are cheap enough for massive parallelization
and high-content screening (HCS). Thereis progressin meeting
these challenges [34] but there is much work to be done in this
remarkable creative opportunity.
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Fig. 2. Conceptua drawing of an organ-chip cartridge that includes a PC and
1 CA for both the microvascular and interstitial compartments of a single OoC
or HoC. On the left are the inputs to the organ, and on the right are outputs,
including an online MS if desired. The vertical arrows access the secondary
space of the organ (interstitial, bronchial, biliary, urinary, etc.). Interconnected
cartridgeswould comprise an instrumented mHu or Hu system, either in series
as shown for selected organs or in parallel asin Fig. 1.
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C. Analytical Chemistry in Microliter and Nanoliter Volumes
and Comprehensive Molecular Characterization in Real Time

The study of cellular and system-level physiology is an ad-
vanced science that benefits from an armamentarium of analyti-
cal instruments, techniques, and measurement protocols. While
it may be possible to construct mHu and pHu systems with
minimal instrumentation, the need to quantify the PKPD of the
integrated OoCs/HoCs with the aforementioned volume con-
straint severely affects the design of the analytical approaches
to characterize organ function and drug response. In contrast
to a typical hypothesis-testing biological experiment where a
small number of variables are measured dynamically and only
a single experimental parameter is varied at a time, the moni-
toring of an OoC/HoC system would benefit from the dynamic
measurement of a large number of physiological variables and
the adjustment and even dynamic control of alarge number of
experimental parameters[35]. Furthermore, binary live/dead as-
says common in several bioactivity strategies are insufficient to
perform complex failure analyses in the integration of multiple
artificial organs.

There are several measurable parameters well suited to exist-
ing sensor technology that can characterize the dynamic state
of OoCs/HoCs (see Table 1), including optical imaging of flu-
orescence markers and reporters, electrochemical sensors for
quantifying metabolites, fluorescence- or label-free assays to
capture and quantify soluble factors, capillary electrophoresis,
and mass spectrometry (MS). Each analytical method needs to
be implemented with the appropriate frequency response, as
well as small sensor volumes [36]. Given the small size of the
0Oo0Cs/HoCs, one must address interferences between sensing
modalities. Ideally, electrical and electrochemical sensorsof in-
terstitial parameters such as pH and glucose, lactate, and oxygen
concentrations in microliter (see Fig. 3, [37]-{40]) and nano-
liter bioreactors [41]-{43] would free up optical bandwidth for
fluorescent measurement of intracellular fluorophores such as
those for cytosolic calcium and surface or immunohistol ogical
markers of protein expression [33], [44], [45]. In recognition
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TABLE Il
SENSORS AND ACTUATORS FOR HOC/OoCs

Parameters that can be measured (sensors)

Morphology: size, shape, optical density, motility, division, organelle
configuration, non-translational motion, nuclear shape

Force: shear, tension, deformation

Intracellular signaling (optical, MALDI-IM-MS): GFP/luciferase
reporters, [Cal;, pHi, Vi, MMP, GFP, GFP-FRET

Extracellular electrolytes (electrochemical): [Na]., [Cal, [K]., [Mg].,
[PO4]., [Cl]e, [HCOs]e

Neurotransmitters (electrochemical): serotonin, acetylcholine, GABA, ...

Extracellular metabolites (electrochemical): [glucose](1), [lactate](1),
[PHI(®), [0:1(0), INOT(), [H:021(0), -..

Extracellular metabolites (GC/UPLC-IM-MS): amino acids,
carbohydrates, small metabolites, stable isotopic markers

Surface expression: specific affinity probes (dyes, Q-dots)

Soluble gene expression (Luminex, nESI-IM-MS): cytokines, growth
factors, hormones, enzymes

Cytosolic proteins and membrane lipids (GFPs, MALDI-IM-MS)

Gene expression (mRNA arrays, RT-PCR)

Parameters that can be controlled (actuators)

Base formulation of universal perfusion medium (blood surrogate)

[glucose](t), [lactate](t), amino acids (~15), cytokines (N>>1), growth
factors (N>>1), hormones (N>>1), toxins and drugs (N>>1)

[Nal.(t), [Cal«(t), [K].(t), [Mgle(t). pH(t), [02)(t), [POs(t)

Mechanical, electrical, optical, thermal, genetic (siRNA, optogenetic).

TABLE 11
ALLOMETRIC SCALING OF ORGANS FOR A HU AND mHu
Hu Mh =60 kg mHu Mh =60 g 1000 mH

Organ A B M,, g YoM | M,g M, /H

Liver 33 093 1500 2.5% 24 4.0% 1.6

Brain 85 0.66 | 1300 2.1% 13 22% 10

Lung 9.7 094 | 4600 0.8% 0.69 1.2% 1.5

Heart 52 097 280 0.46% | 0.34 0.57% 12
Kidneys 6.3 087 | 2200 0.37% 0.54 0.91% 2.4
Pancreas 2 0.91 83 0.14% 0.15 0.26% 1.9

Spleen 1.5 0.85 49 0.081% | 0.14 0.23% 2.8
Thyroid 0.15 1.1 15 0.025% | 0.01 0.01% 0.44
Adrenals  0.53 0.7 9.3 0.016% | 0.07 0.12% 7.9
Pituitary  0.03 0.68 | 049  0.001% | 0.00 0.01% 9.1

of the desire to use OoC/HoC systems for drug screening, it
is inevitable that these systems will require capabilities in au-
tomated, high-content optical microscopy and image analysis
that are far beyond standard high-throughput robotic well-plate
screening.

Optical methods alone will be insufficient for OoC/HoC sys-
tems. In classical cell culture and tissue engineering, the pres-
ence of aspecific protein or biomarker isdetermined by classical
western bl ot and antibody-based enzyme-linked immunosorbent
assay, but these targeted assays typically require many micro-
liters or even milliliters of supernatant or cytosol. Thereisgreat
promise for microfluidic implementations of these approaches
that can work in nanoliter volumes [46] and quantify specific
target molecules.

Untargeted identification of biomolecules in a cell culture
or bioreactor typically involves one of many implementations
of MS, but used aone, this technique is compromised by
the fact that many biomolecules can have similar or identi-
cal mass/charge ratios (m/z). Historically, these issues are ad-
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Fig.3. Dynamic electrochemical measurementsin microbioreactors. (a) Core

carbon metabolism and agents that affect it. (b) Modified Cytosensor™ sensor
head for measuring glucose, lactate, and oxygen concentrationsfor ~10° cellsin
a~3 pL chamber [37]. (c) Screen-printed electrode for the same measurements.
Adapted from [38]. (d) Demonstration of how dynamic metabolic measurements
can discriminate between different biological toxins. Adapted from [39].

dressed by separating first by gas chromatography (GC) or high-
performance liquid chromatography (HPLC). However, GC
requires derivatization of metabolites [47] and hence may not
be well suited for an untargeted search. A single HPLC sepa-
ration requires minutes to hours, and multiple separations may
be required. We believe that ion mobility-mass spectrometry
(IM-MYS) is the best approach to study the effluent of these
OoCs/HoCs[48], [49]. Inthisapproach, low-vacuum, gas-phase
electrophoresis (IM) can measure molecular cross-sections in
microseconds to milliseconds, followed by MS analysis in mi-
croseconds. The appeal of this approach is that high-sensitivity
ionization techniques coupled to IM-MS can detect thousands
of molecular species in a 100-nL sample (see Fig. 4). In con-
trast with HPL C-M S techniques, the IM-M S approach is nearly
real time. The challenge is to apply this technique to analyze
OoCs/HoCs without withdrawing volumes larger than a small
fraction of the 5 mL and 5 L volume budget for a mHu and
1Hu, respectively. A subset of this problem is to devise affin-
ity or microdialysis techniques to remove the salts from the
perfusion media without compromising sensitivity or tempo-
ral resolution, or exceeding the fluid-withdrawal budget [50].
The high levels of sdltsin biological media serve to attenuate
overall signal response and must be removed rapidly prior to
IM-MS analyses [50]. Obvioudly, given the ~$1 million cost
of an IM-MS instrument, they are best suited for a discov-
ery approach wherein unexpected metabolites or side effects
are examined in detail to ascertain the underlying pharmacoki-
netics and metabolomics. Discovering important molecules in
such a search will benefit from advanced bioinformatics tech-
niques [51], [52]. IM-MS instruments are too expensive to be
used to monitor every OoC/HoC in a large pharmacological
study, but the data are exquisitely well suited for guiding the
rapid translation of IM-MS discoveries from such untargeted
searches into low-cost, low-volume, point-of-use assays that
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chemical class specific ordering by a single pass through an IM-MS. (e) 4-D
dataset representing ca. 100 000 molecular signals. The entire dataset repre-
sents one time point sample from the microfluidic device. Each voxel encodes
molecule-specific data of 1) UPLC retention time, 2) IM cross section, 3) MS
mass-to-charge, and 4) relative abundance. These data occupy only 106 of the
instrument phase space. (f) Self-organizing IM-MS heat maps of metabolites
in biological system state space. This type of analysis is also ideal for time-
series measurements. Panels (a) and (b) are adapted with kind permission from
Springer Science+Business Media: Anal. Bioanal. Chem., Biomolecular struc-
tural separations by ion mobility-mass spectrometry, 391, 2008, 906, L. S. Fenn
and J. A. McLean, Fig. 1(a) and (b). Panel (c) is adapted with kind permission
from Springer Science+Business Media: Anal. Bioanal. Chem., Biomolecular
structural separations by ion mobility-mass spectrometry, 391, 2008, 906, L. S.
Fenn and J. A. McLean, Fig. 2(a). Panel (d) is adapted with kind permission
from Springer Science+BusinessMedia: Anal. Bioanal. Chem., Characterizing
ion mobility-mass spectrometry conformation space for the analysis of complex
biological samples, 394, 2009, 235, L. S. Fenn, M. Kliman, A. Mahsut, S. R.
Zhao, J. A. McLean, Fig. 1(a).

can track specific drug responses in an individual OoC/HoC.
Because of the volume constraint, many existing assays are not
suitable and new ones must be devised.

D. Maintaining and Controlling Coupled Organ Systems

The perfusion controller (PC) and microclincal analyzer
(1CA) connections, sensors, instruments, and controls required
for the single organ-chip cartridge in Fig. 2 might be im-
plemented with existing pneumatic microfluidic pumps and
valves [53], but a cost analysis would suggest that the need
for an array of computer-controlled solenoid valves for binary
control of multiple microfluidic valvesand three solenoid valves
for a peristaltic pump, at between $50 and $100 per solenoid,
and the confustication of pneumatic tubing between the organ
and its controller would limit either the sophistication of the
OoC/HoC system or the number that could be implemented.
The system in Fig. 2 could be implemented with a new class of
compact, low-cost, on-chip rotary planar peristaltic micropump
and rotary planar valve [54]. The required capabilities of the
nCA/PCinFig. 2 areillustrated in Figs. 5 and 6.
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Fig. 5. Conceptual drawing of how two single-pole, seven-throw (1P-7 T)
valves and an on-chip peristaltic pump could provide the requisite PC functions
in Fig. 2. The valve configuration shown has perfusate from the arterial supply
perfusing Organ N and then exiting into the venous return. Other configurations
of the valve on the left are used for adding media to make up any that is
removed for sampling or flushing, loading cells (with the effluent going to
waste), accepting fluid from an upstream organ, local recirculation, infusing a
drug, dye, or marker into the single organ, or adding deionized (DI) water to
adjust osmolarity after evaporation of water out of the device. The valve on
the right is for venous return (as configured), sending fluid to a downstream
organ, waste, recirculations, the uCA, an externa autosampler, or an online
MS. A second PC might be required to prepare cellsin any secondary spaces,
for example, to establish a confluent alveolar epithelium in alung.
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Fig. 6. Conceptual drawing of how 1P-4 T and 4P-3 T valves and another
on-chip peristaltic pump could provide the requisite CA functionsin Fig. 2.
The valve configuration shown would allow calibration of the electrochemical
sensor array with one of three standard sol uti ons (configuration shown) or sensor
washing without affecting the organ. Other modes allow the organ effluent to
bypass the washed sensor to minimize biofouling (Store), or the delivery of
organ fluid to the calibrated electrochemical sensor array (Measure). In this
design, all of the ©CA output is sent to waste rather than to venous return.

Figs. 2 and 5 indicate that an organ may need to be connected
to an upstream (N — 1) or downstream (/N + 1) organ so that
two organs can be connected in series, e.g., intestine or spleen
with the liver by the portal vein, and the hypothalamus with
the pituitary. The system in Fig. 5 does not show the secondary
inputsand outputsto anorgan, e.g., lung (bronchial tree), thymus
and spleen (efferent lymphatic vessels), liver (bile duct), brain
(CSF), and kidney (ureter). Theinterstitial space of organscould
drain into a lymphatic system. Some secondary spaces may
need independent initial or long-term perfusion control, asin a
lung-on-a-chipwherethealveolar endotheliumiscultured under
fluid flow prior to being exposed to air, and thereafter they are
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nourished by adjacent perfused, capillary endothelial cells[12],
[55].

E. Controlling Coupled Organ Systems

It is naive to assume that a collection of OoCs will exist in
a stable equilibrium. Excess metabolic activity of one region
without concomitant increasesin oxygenation and nutrients and
removal of carbon dioxide will lead to acidification and/or un-
wanted downstream effects. In living systems, homeostasis is
maintained by a plethora of chemical, neural, and biomechani-
cal signals. It would be reasonable to assume that such a com-
plex, nonlinear system would oscillate, but not necessarily the
way humans do. An OoC system will require an equivalent reg-
ulatory system. An appropriate control algorithm [56] should
be able to stahilize the entire organ system, aslong as there are
sufficient sensors and the required actuators.

F. Vascularizing Organs With Appropriate
Surface-to-Volume Ratios

Ultimately, the size of tissue-engineered 3-D organ repli-
cates may be limited by vascularization. Typically, diffusive
transport of nutrients and metabolites to and from metabol-
ically active cells is effective for up to ~100 to ~300 pm,
athough diffusion can be effective to 2 mm [57]. To support
the high metabolic activity of mammalian hearts, each myocyte
(~10pm x ~10 zm x ~100 pm) invivo isin direct contact with
a microcapillary. In conventional planar tissue constructs with
perfusion above a slab of cells, metabolically active cells at the
base may become anoxic if the layer is thicker than ~100 pm,
(possibly alleviated by having flowing media above the cells),
which is one reason that the confluent monolayer is a staple in
laboratory cell culture. Inlarge-scal etissue culture, thishasbeen
addressed by the use of hollow-fiber bioreactors[58], which may
prove useful in the development of HoCs such asthe liver [13].
In polydimethylsiloxane (PDMS) microfluidic systems, long-
term organotypic cultures can be stable as long as there is flow
of media and the distances are short [59]. However, because of
the difficulties in making and maintaining microfluidic chan-
nels whose dimensions are comparable to ~7 ym diameter of
actual capillaries, microfluidic devices typically utilize chan-
nels with as much as 50 times the cross-sectional area. Hence,
it is at present difficult to fabricate macroscopic microfluidic
perfusion networks with the appropriate surface-to-volume ra-
tio and the vascular-to-tissue volume ratio, which in turn will
ultimately affect the PKPD scaling of HoCs/OoCs systems.
A promising solution to this problem is to enable perfusable
microvascular networks to self-assemble within the HoC/OoC
bioreactor. The spontaneous formation of endothelia tubes is
well documented [60]-{62], but the connection of them to an
external perfusion system is a greater challenge. Recently, it
has been shown that interstitial flow can guide the migration of
endothelial cellsinto afibrin-filled PDM S channel to create 50—
150-pm-diameter and 100-1600-.:m-long capillaries [63] and,
more exciting, lead to the self-assembly of complete, patent
2-D microvascular networks [64], [65]. This approach should

have profound implications for the devel opment of anumber of
different HoCs/OoCs.

G. Developing a Universal Blood Surrogate

The culture of primary human cells and the differentiation of
stem-cell-derived onesis adeveloping art. Maintaining a dozen
different cell types with a common universal media has yet to
be done, but the isolation provided by a layer of endothelial
cells between the tissue and the microvasculator may aid this
goa [12]. If a funding program does not alow serum in the
blood surrogate, transport proteins must be added, as well as
large molecules to maintain osmolarity. Unless red blood cells,
with a limited lifetime, are used, the scaling of blood velocity
and capillary length and diameter may compromise OoC/HoC
metabolism unless oxygen carriers such as perfluorocarbons or
vesicular hemoglobin are used.

H. Missing Organs and the Adjustment of Blood Surrogate

As the OoC/HoC systems are brought on line, there will al-
ways be missing organs that either have yet to be implemented
or are not desired for particular tests. It may be necessary, for
example, to deliver insulin to an OoC/HoC system that has yet
to integrate a pancreas, or to add distilled water to maintain os-
molarity as water evaporates through the devices or is secreted
in urine. This can be accomplished with amissing-organ micro-
formulator that is comparable to smaller, proven microfluidic
designs [66]. Such a device could also prove invaluable in the
automated exploration of growth-factor cocktails for stem cell
differentiation that may prove invaluable in human HoC/OoC
systems. It may also be necessary to remove compounds that
would otherwise be metabolized by missing organs.

I. Modeling Coupled Organ Systems

The Physiome project [67] is working to develop compre-
hensive, multiscale models of mammalian physiology. The
OoC/HoC effort can learn much from this, but enjoys the extra
degree of freedom of being able to adjust both the physical and
computational models to optimize either experiments, compu-
tation, or both. The design of the instruments that maintain and
control the OoCs/HoCs is in fact the design of active physio-
logical components, which could clearly benefit from advanced
multiphysics modeling [68], [69]. An even greater opportunity
would beto utilize afully automated OoC/HoC system coupled
to machine-learning algorithms[70], [ 71] to automatically infer
physiological or control models of the system. Such an approach
may soon be applied to the optimal design of experimentsto es-
timate pharmacokinetic compartments.

J. Characterization of Organ Health and Disease

Inall likelihood, the OoC/HoC effort will develop models not
only of healthy organs but diseased ones as well. Can we main-
tain cellular heterogeneity? Clearly, it may be relatively easy to
make models of heart, liver, and kidney failure. It is reassuring
that studies of alung-on-a-chip were ableto replicate by design
the normal lung [12] and adiseased one [55]. That said, we will
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need to devise methods to determine the overall health of our
mHu and p:Hu, and one might expect that this could parallel
clinical diagnosis, which can be viewed as a probability-based
decision tree [72]—hence the need for detailed physiological
information about each OoC/HoC.

Given the fluid volume constraints, it could be nontrivial to
devise meansto fully evaluate the contractility of the heart, car-
diac valves, and smooth and skeletal muscle, since one needs,
for example, to control the preload and afterload of tissueswhile
measuring the length and tension of the musculature [73]-{77].
However, it is important that highly instrumented OoCs/HoCs
will provide information not available to the bedside diagnosti-
cian: detailed internal data, the possiblity of localized biochemi-
cal or mechanical challenges, and interpretation of the resulting
changes in terms of a computational biology systems model.
While a systems model of an entire human is a distant goal of
the systems biology community, it seems reasonable that it may
be easier to model the limited organ set of a simplified mHu
and pHu than to model an entire person. Given the small size of
organs and the small numbers of replicates in the early stages
of this effort, it may also be necessary to develop noise-tolerant
techniques for estimation of pharmacokinetic parameters for
individual organ systems|[78].

K. Minimizing Organ Cost to Enable HCS

For OoC/HoC systemsto become widely used in the pharma-
ceutical industry, the cost of these systems must be low enough
for them to be purchased and used in very large quantities. The
cell-culture chip will need to be low-cost and disposable. The
control systeminFig. 2, if dedicated to each chip, should also be
inexpensive but not necessairly disposable. There are tradeoffs
between size, reliability, and cost that can be readily optimized
through manufacturing engineering while minimizing hardware
overdesign. We envison a complete coupled HoC/OoC system
consisting of asmall number of long-life, capital-intensive com-
ponents (computers, sensor electronics, and microscopes), a
number of subsystems that can be reused a specified number
of times (pumps, valves, chip-scale imagers, sensors, micro-
controllers, mounting hardware, etc.), and a large number of
single-use, disposable, sterilizable organ chips that are readily
replaced after several weeks of cell culture.

L. Determining the Required Accuracy of Organ Systems

Just as systems biology needsto be aware of the risks of striv-
ing for totally realistic models of biology, the OoC community
needs to be conscious of the risks of attempting to create a per-
fectly realistic milli- or micromodel of a human. Thisis placed
in perspective by afictional account of ancient cartography [79]:

From Travels of Praiseworthy Men (1658) by J. A. Suarez
Miranda: ...In that Empire, the craft of Cartography attained
such Perfection that the Map of a Single province covered the
space of an entire City, and the Map of the Empire itself an entire
Province. In the course of Time, these Extensive maps were
found somehow wanting, and so the College of Cartographers
evolved a Map of the Empire that was of the same Scale as the
Empire and that coincided with it point for point. Less attentive

to the Study of Cartography, succeeding Generations came to
judge a map of such Magnitude cumbersome, and, not without
Irreverence, they abandoned it to the Rigours of sun and Rain. In
the western Deserts, tattered Fragments of the Map are still to be
found, Sheltering an occasional Beast or beggar; in the whole
Nation, no other relic is left of the Discipline of Geography.

In the same vein, one recognizes that “the best model for a
cat is another, or preferably the same cat” [80]. A mHu or pzHu
will never be aperfect model of ahuman. Theissueishow does
one abstract the complexity of biology to obtain a meaningful
model that will be useful for studying the properties of theentire
system[7]. Paraphrasing Albert Einstein, one should makeone’'s
OoCs systems simple enough, but not too simple.

I1l. CONCLUSION

We present adaunting list of challenges that confront the hu-
man OoC efforts, but we do so with the conviction that each
of these challenges can be met by the engineering and biology
community. Given the breadth and magnitude of the funding by
the FDA, DARPA, NIH, and DTRA, and the caliber of the in-
vestigatorsworking in this area, we anticipate that each of these
limitations can be addressed successfully in a timely manner.
The community is eager to uncover and resolve as yet unrec-
ognized challenges—this is the heart of engineering and the
physical sciences. We expect that the OoC/HoC effort will lead
to exciting new advances in drug discovery, identification of the
effects of emerging and maliciously engineered pathogens, and
fundamental advances in the study of pharmaceutical modes of
action, organ—organ interactions, physiological regulation, and
systems biology.

ACKNOWLEDGMENT

The authors would like to thank E. Curtis, Z. Eagleton,
B. Evans, L. Hofmeister, A. Kole, and W. Matloff for their
detailed analyses of organ-on-chip scaling; G. Hamilton,
D. Ingber, D. Levner, and K. K. Parker for extensive conver-
sations and discussions related to precursors to Fig. 2, 5, and
6 and collaboration that led to successful funding of DARPA
WO911INF-12—-2-0036; R. lyer and K. Pant for participating in
discussions during the creation of Fig. 1 and the writing of
DTRA proposals that led to funding of DTRA 100271 A-5196;
A. Przekwasfor many discussionson modeling and PKPD; F. E.
Block, Jr., for suggestions regarding the application of anesthe-
siology principles and techniques to organ-on-a-chip systems,
and A. Price and D. Berry for their editorial assistance.

REFERENCES

[1] 1. Kola, “The state of innovation in drug development,” Clin. Pharmacol.
Ther., val. 83, no. 2, pp. 227-230, 2008.

[2] D.Huh,Y. S Torisawa, G. A. Hamilton, H. J. Kim, and D. E. Ingber, “Mi-
croengineered physiological biomimicry: Organs-on-chips,” Lab Chip,
vol. 12, no. 12, pp. 21562164, 2012.

[3] C. Morees, G. Mehta, S. C. Lesher-Perez, and S. Takayama, “Organs-
on-a-Chip: A focus on compartmentalized microdevices,” Ann. Biomed.
Eng., vol. 40, no. 6, pp. 1211-1227, 2012.

[4] A.D.vander Meer and A. van den Berg, “Organs-on-chips: Breaking the
invitro impasse,” Integr. Biol., vol. 4, pp. 461-470, 2012.



|IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 60, NO. 3, MARCH 2013

(9]

6]

(8l

(9]

(10]

(1]

[12]

[13]

[14]
[19]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[29]

[26]

M. B. Esch, T. L. King, and M. L. Shuler, “The role of body-on-a-chip
devices in drug and toxicity studies,” Annu. Rev. Biomed. Engr., vol. 13,
pp. 55-72, 2011.

J.H. Sung, C. Kam, and M. L. Shuler, “A microfluidic device for a
pharmacokinetic-pharmacodynamic (PK-PD) model onachip,” Lab Chip,
vol. 10, no. 4, pp. 446455, 2010.

S. Huang and J. Wikswo, “Dimensions of systems biology,” in Reviews
of Physiology, Biochemistry and Pharmacology, 157th ed. S. G. Amara,
E. Bamberg, T. Gudermann, S. C. Hebert, R. Jahn, W. J. Lederer, R. Lill,
A.Miygjima, and S. Offermanns, Eds., Berlin, Heidel berg: Springer, 2007,
pp. 81-104.

(2010, Feb. 24). Advancing Regulatory Science through Novel Re-
search and Science-Based Technologies (U01), RFA No. RFA-RM-10—
006, NIH [Online]. Available: http://grants.nih.gov/grants/guide/rfa-files/
RFA-RM-10-006.html

(2011, Sep. 11). Microphysiological Systems, Solicitation no. DARPA-
BAA-11-73 [Onling]. https://www.fbo.gov/index?s=opportunity& mode=
formé& id=956b160c42a2a386cf5762f 12c21bedf & tab=core& _cview=0
(2011, Nov. 11). Integrated Microphysiological Systems for Drug Effi-
cacy and Toxicity Testing in Human Health and Disease (UH2/UH3)
FOA number: RFA-RM-11-022, NIH [Online]. Available: http://grants.
nih.gov/grants/guide/rfa-files RFA-RM-11-022.html

(2011, Dec. 12). Chemical and Biological Defense Innovations and
Technologies [Onling]. Available: http://www.grants.gov/search/search.
do?mode=VIEW& oppl d=133833

D. Huh, B. D. Matthews, A. Mammoto, M. Montoya-Zavala, H. Y. Hsin,
and D. E. Ingber, “Reconstituting organ-level lung functions on a chip,”
Science, vol. 328, no. 5986, pp. 1662—-1668, Jun. 2010.

K. Zeilinger, T. Schreiter, M. Darnell, T. Soderdahl, M. Lubberstedt,
B. Dillner, D. Knobeloch, A.K. Nusser, J. C. Gerlach, and
T. B. Andersson, “Scaling down of a clinica three-dimensiona perfu-
sion multicompartment hollow fiber liver bioreactor developed for extra-
corporeal liver support to an analytical scale device useful for hepatic
pharmacological in vitro studies,” Tissue Eng. Part C Methods, vol. 17,
no. 5, pp. 549-556, 2011.

W. R. Stahl, “Organ weights in primates and other mammals,” Science,
vol. 150, no. 3699, pp. 1039-1042, Nov. 1965.

K. Schmidt-Nielsen, How Animals Work. Cambridge, U.K.: Cambridge
Univ. Press, 1972.

K. Schmidt-Nielsen, “Organ size and tissue metabolism,” in Scaling:
Why is Animal Size so Important? New York, NY, USA Cambridge
Univ. Press, 1984, pp. 90-98.

G. B. West, J. H. Brown, and B. J. Enquist, “A general model for the
origin of allometric scaling lawsin biology,” Science, vol. 276, no. 5309,
pp. 122-126, 1997.

G. B. West and J. H. Brown, “The origin of allometric scaling laws in
biology from genomes to ecosystems: towards a quantitative unifying
theory of biological structure and organization,” J. Exp. Biol., vol. 208,
no. 9, pp. 1575-1592, 2005.

J. W. Prothero, “Organ scaling in mammals: The liver,” Comp. Biochem.
Physiol. A, Physiol., vol. 71, no. 4, pp. 567-577, 1982.

B. J. Anderson, A.D. Mckee, and N. H. G. Holford, “Size, myths and
the clinical pharmacokinetics of analgesia in paediatric patients,” Clin.
Pharmacokinet., vol. 33, no. 5, pp. 313-327, 1997.

A. Bejan, Design in Nature: How the Constructal Law Governs Evolution
in Biology, Physics, Technology, and Social Organization. New York,
NY, USA: Doubleday, 2012.

T. N. Johnson, A. Rostami-Hodjegan, and G. T. Tucker, “Prediction of
the clearance of eleven drugs and associated variability in neonates, in-
fants and children,” Clin. Pharmacokinet., vol. 45, no. 9, pp. 931-956,
2006.

M. Danhof, J. de Jongh, E.C.M. De Lange, O. Della Pasqua,
B. A. Ploeger, and R. A. Voskuyl, “Mechanism-based pharmacokinetic-
pharmacodynamic modeling: Biophase distribution, receptor theory, and
dynamica systems analysis,” Annu. Rev. Pharmacol. Toxicol., vol. 47,
no. 1, pp. 357-400, Jan. 2007.

H. W. Leung, “Physiologically based pharmacokinetic modelling,” in
General, Applied and Systems Toxicology. New York, NY, USA: Wiley,
2009.

H. Boxenbaum and C. Dilea, “First-time-in-human dose selection—
Allometricthoughtsand perspectives,” J. Clin. Pharmacol., vol. 35, no. 10,
pp. 957-966, 1995.

I. Mahmood and J. D. Balian, “Interspecies scaling: predicting clearance
of drugs in humans. Three different approaches,” Xenobiotica, vol. 26,
no. 9, pp. 887-895, Jan. 1996.

[27]

(28]

[29]

(30]

(31

(32

[33]

(34

(39]

(36]

(37

(38]

[39]

(40]

[41]

(42

[43]

[44]

[45]

[46]

[47]

689

J. Mordenti, S. A. Chen, J. A. Moore, B. L. Ferraiolo, and J. D. Green,
“Interspecies scaling of clearance and volume of distribution data for 5
therapeutic proteins,” Pharm. Res., vol. 8, no. 11, pp. 1351-1359, 1991.
K. W. Ward and B. R. Smith, “A comprehensive quantitative and quali-
tative evaluation of extrapolation of intravenous pharmacokinetic param-
eters from rat, dog, and monkey to humans. I. Clearance,” Drug Metab.
Dispos., vol. 32, no. 6, pp. 603-611, 2004.

K. Ito and J. B. Houston, “Prediction of human drug clearance from in
vitro and preclinical data using physiologically based and empirica ap-
proaches,” Pharm. Res., vol. 22, no. 1, pp. 103-112, 2005.

V. Sharma and J. H. McNelll, “To scale or not to scale: The principles
of dose extrapolation,” Brit. J. Pharmacol., vol. 157, no. 6, pp. 907-921,
2009.

M. D. ThompsonandD. A. Beard, “ Devel opment of appropriate equations
for physiologicaly based pharmacokinetic modeling of permeability-
limited and flow-limited transport,” J. Pharmacokinet. Pharmacodyn.,
vol. 38, no. 4, pp. 405421, 2011.

J. P. Wikswo, A. Prokop, F. Baudenbacher, D. Cliffel, B. Csukas, and
M. Velkovsky, “Engineering challenges of BioNEMS: The integration of
microfluidics, and micro- and nanodevices, models, and external control
for systemshiology,” IEE Proc.—Nanobiotechnol., vol. 153, no. 4, pp. 81—
101, 2006.

S. Fdey, K. Seale, J. Hughey, D.K. Schaffer, S. VanCompernolle,
B. McKinney, F. Baudenbacher, D. Unutmaz, and J. P. Wikswo, “Mi-
crofluidic platform for real-time signaling analysis of multiple single T
cellsin parallel,” Lab Chip, vol. 8, no. 10, pp. 1700-1712, 2008.

S. Darby, M. Moore, J. P. Wikswo, R. Reiserer, T. Friedlander,
D. K. Schaffer, and K. T. Seale, “A metering rotary nanopump for mi-
crofluidic systems,” Lab Chip, val. 10, no. 23, pp. 3218-3226, 2010.

G. Miesenbock, “ The optogenetic catechism,” Science, vol. 326, no. 5951,
pp. 395-399, Oct. 2009.

R. M. Snider, J R. McKenzie, L. Kraft, E. Kozlov, J. P. Wikswo,
and D. E. Cliffel, “The effects of Cholera Toxin on cellular energy
metabolism,” Toxins, val. 2, no. 4, pp. 632648, 2010.

S. E. Eklund, D. E. Cliffel, E. Kozlov, A. Prokop, J. P. Wikswo, Jr., and
F. J. Baudenbacher, “Modification of the cytosensor T microphysi-
ometer to simultaneously measure extracellular acidification and oxy-
gen consumption rates,” Anal. Chim. Acta, vol. 496, no. 1-2, pp. 93-101,
2003.

L. A. Hiatt, J. R. McKenzie, L. F. Deravi, R. S. Harry, D. W. Wright,
and D. E. Cliffel, “A printed superoxide dismutase coated electrode for
the study of macrophage oxidative burst,” Biosens. Bioelectron., vol. 33,
pp. 128-133, 2012.

S. E. Eklund, D. Taylor, E. Kozlov, A. Prokop, and D. E. Cliffel, “A mi-
crophysiometer for simultaneous measurement of changesin extracel lular
glucose, lactate, oxygen, and acidification rate,” Anal. Chem., vol. 76,
no. 3, pp. 519-527, 2004.

S. E. Eklund, R. G. Thompson, R. M. Snider, C. K. Carney, D. W. Wright,
J.Wikswo, andD. E. Cliffel, “Metabolic discrimination of select list agents
by monitoring cellular responses in a multianalyte microphysiometer,”
Sensors, vol. 9, no. 3, pp. 2117-2133, 20009.

I. A. Ges, K. P. Currie, and F. Baudenbacher, “Electrochemical detection
of catecholaminerelease using planar iridium oxide el ectrodesin nanoliter
microfluidic cell culture volumes,” Biosens. Bioelectron., vol. 34, no. 1,
pp. 30-36, 2012.

I. A. Gesand F. Baudenbacher, “ Enzyme-coated microel ectrodes to mon-
itor lactate production in a nanoliter microfluidic cell culture device,”
Biosens. Bioelectron., vol. 26, no. 2, pp. 828-833, Oct. 2010.

I.A. Ges and F. Baudenbacher, “Enzyme electrodes to monitor glu-
cose consumption of single cardiac myocytes in sub-nanoliter volumes,”
Biosens. Bioelectron., vol. 25, no. 5, pp. 1019-1024, Jan. 2010.

M. R. Warnement, S. L. Faley, J. P. Wikswo, and S. J. Rosenthal, “Quan-
tum dot probes for monitoring dynamic cellular response: Reporters of
T cell activation,” IEEE Trans. NanoBiosci., vol. 5, no. 4, pp. 268-272,
2006.

S.L. Faley, M. Copland, D. Wlodkowic, W. Kolch, K.T. Sede,
J. P. Wikswo, and J. M. Cooper, “Microfluidic single cell arrays to inter-
rogate signalling dynamics of individual, patient-derived hematopoietic
stem cells,” Lab Chip, vol. 9, no. 18, pp. 2659-2664, 2009.

A. H. Diercks, A. Ozinsky, C. L. Hansen, J. M. Spotts, D. J. Rodriguez,
and A. Aderem, “A microfluidic device for multiplexed protein detection
in nano-liter volumes,” Anal. Biochem., vol. 386, no. 1, pp. 30-35, Mar.
20009.

Y. Noguchi, J. D. Young, J. O. Aleman, M. E. Hansen, J. K. Kelleher, and
G. Stephanopoul os, “ Tracking cellular metabol omicsin lipoapoptosis- and



690

(48]

[49]

(50]

(51]

(52

(53]

(54]

(59]

(56]

(57]

(58]

(59]

(60]

(61]

[62]

(63]

|IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 60, NO. 3, MARCH 2013

steatosis-developing liver cells,” Mol. Biosyst., vol. 7, no. 5, pp. 1409—
1419, 2011.

J. R. Enders, C. R. Goodwin, C. C. Marasco, K. T. Sedle, J. P. Wikswo,
and J. A. Mclean, “Advanced structural mass spectrometry for systems
biology: Pulling the needles from haystacks,” Spectrosc. Supp. Curr.
Trends Mass Spectrom., pp. 18-23, Jul. 2011.

J.R. Enders, C. C. Marasco, A. Kole, B. Nguyen, S. Sundarapandian,
K. T. Seale, J. P. Wikswo, and J. A. Mclean, “Towards monitoring real-
time cellular response using an integrated microfluidicssMALDI/NESI-
ion mobility-mass spectrometry platform,” IET Syst. Biol., vol. 4, no. 6,
pp. 416-427, 2010.

J.R. Enders, C. C. Marasco, J. P. Wikswo, and J. A. Mclean, “A Dual-
column solid phase extraction strategy for online collection and prepa-
ration of continuously flowing effluent streams for mass spectrometry,”
Anal. Chem., val. 84, no. 20, pp. 8467-8474, 2012.

G. S. Eichler, S. Huang, and D. E. Ingber, “Gene expression dynamics
inspector (GEDI): For integrative analysis of expression profiles,” Bioin-
formatics, vol. 19, no. 17, pp. 2321-2322, Nov. 2003.

B. MacLean, D. M. Tomazela, N. Shulman, M. Chambers, G. L. Finney,
B. Frewen, R. Kern, D. L. Tabb, D. C. Liebler, and M. J. MacCoss, “ Sky-
line: An open source document editor for creating and analyzing targeted
proteomics experiments,” Bioinformatics, vol. 26, no. 7, pp. 966-968,
Apr. 2010.

M. A.Unger, H. P.Chou, T. Thorsen, A. Scherer, and S. R. Quake, “Mono-
lithic microfabricated valves and pumps by multilayer soft lithography,”
Science, vol. 288, no. 5463, pp. 113-116, 2000.

P. A. Gould, L. T. Hoang, J. R. Scherrer, W. J. Matloff, K. T. Sedle, E. L.
Curtis, D. K. Schaffer, D. J. Hall, A. Kole, R. S. Reiserer, H. Tidwell, P
C. Samson, J. P. Wikswo, “ Peristaltic micropump and related systems and
methods,” Pat. Appl. No. PCT/US2011/055432, Apr. 12, 2012.

D. Huh, D.C. Ledie, B.D. Matthews, J P Fraser, S. Jurek,
G. A. Hamilton, K. S. Thorneloe, M. A. Mcalexander, and D. E. Ingber,
“A human disease model of drug toxicity-induced pulmonary edema
in a lung-on-a-chip microdevice,” Sci. Transl. Med., vol. 4, no. 159,
p. 159ral47, 2012.

P.R. LeDuc, W. C. Messner, and J. P. Wikswo, “How do control-based
approachesenter into biology?’ Annu. Rev. Biomed. Eng., vol. 13, pp. 369—
396, 2011.

C. K. Griffith, C. Miller, R. C. A. Sainson, J. W. Calvert, N. L. Jeon,
C. C. W. Hughes, and S. C. George, “Diffusion limits of an in vitro thick
prevascularized tissue,” Tissue Eng., vol. 11, no. 1/2, pp. 257-266, 2005.
X. Yan, D. J. Bergstrom, and X. B. Chen, “Modeling of cell culturesin
perfusion bioreactors,” IEEE Trans. Biomed. Eng., vol. 59, no. 9, pp. 2568—
2575, Sep. 2012.

D. A. Markov, J. Q. Lu, P. C. Samson, J. P. Wikswo, and L. J. McCawley,
“Thick-tissue bioreactor as a platform for long-term organotypic culture
and drug delivery,” Lab Chip, vol. 12, no. 21, pp. 45604568, 2012.

M. Martins-Green, Q. J. Li, and M. Yao, “A new generation organ cul-
ture arising from cross-talk between multiple primary human cell types,”
FASEB J., vol. 18, no. 15, pp. 222224, 2005.

L. B. Wood, A. Das, R. D. Kamm, and H. H. Asada, “A stochastic broad-
cast feedback approach to regulating cell population morphology for mi-
crofluidic angiogenesis platforms,” IEEE Trans. Biomed. Eng., vol. 56,
no. 9, pp. 2299-2303, Sep. 2009.

Y. Liu, D. Markov, J. Wikswo, and L. McCawley, “Microfabricated
scaffold-guided endothelial morphogenesisin three-dimensional culture,”
Biomed. Microdevices, vol. 13, no. 5, pp. 837-846, Jun. 2011.

J. H. Yeon, H.R. Ryu, M. Chung, Q. P. Hu, and N. L. Jeon, “In vitro
formation and characterization of a perfusable three-dimensional tubular
capillary network in microfluidic devices,” Lab Chip, vol. 12, no. 16,
pp. 2815-2822, 2012.

[64]

(65]

(66]

[67]

(e8]

[69]

[70]

[71]

[72]

(73]

[74]

[79]

[76]

[77]

(78]

[79]

(80]

Y. H. Hsu, M. L. Moya, P. Abiri, C. C. W. Hughes, S. C. George, and
A. P. Lee, “Full range physiological mass transport control in 3-D tissue
cultures,” Lab Chip, vol. 13, no. 1, pp. 81-89, 2013.

M. L. Moya, Y.-H. Hsu, A. P. Lee, C. C. W. Hughes, and S. C. George,
“In vitro perfused human capillary networks,” Tissue Eng. Part C, (Feb.
21, 2013). [Online]. 19(9).

C. L. Hansen, M. O. A. Sommer, and S. R. Quake, “ Systematic investiga-
tion of protein phase behavior with amicrofluidic formulator,” Proc. Nat.
Acad. Sci. USA, vol. 101, no. 40, pp. 14431-14436, 2004.

P. Hunter, K. Burrowes, P. N. Fernandez, N. Smith, and M. Tawhai, “The
IUPS physiome project: Progress and plans,” in Computational Systems
Biology, A. Kriete and R. Eils, Eds. Amsterdam, The Netherlands:
Elsevier, 2006, pp. 383-393.

R. Kannan and A. Przekwas, “ A computational model to detect and quan-
tify a primary blast lung injury using near-infrared optical tomography,”
Int. J. Numer. Methods Biomed. Eng., vol. 27, no. 1, pp. 13-28, 2011.
Technologies for Future Micro-Nano Manufacturing, The Manufacturing
Technologies 2011 Workshop, Napa, CA, 2011.

R. D. King, J. Rowland, S. G. Oliver, M. Young, W. Aubrey, E. Byrne,
M. Liakatay, M. Markham, P. Pir, L.N. Soldatova, A. Sparkes,
K.E. Whelan, and A. Clare, “The automation of science,” Science,
vol. 324, no. 5923, pp. 85-89, Apr. 2009.

M.D. Schmidt, R.R. Valabhaosyula, J. W. Jenkins, J. E. Hood,
A. S. Soni, J. P. Wikswo, and H. Lipson, “Automated refinement and in-
ference of analytical models for metabolic networks,” Phys. Biol., vol. 8,
no. 5, p. 055011, 2011.

R.A. Miller, “Medical diagnostic decision-support systems—past,
present, and future: A threaded bibliography and brief commentary,” J.
Amer. Med. Inform. Assoc., vol. 1, no. 1, pp. 8-27, 1994.

K. Balachandran, P. W. Alford, J. Wylie-Sears, J. A. Goss, A. Grosberg,
J. Bischoff, E. Aikawa, R. A. Levine, and K. K. Parker, “Cyclic strainin-
duces dual-mode endothelial-mesenchymal transformation of the cardiac
valve,” Proc. Nat. Acad. Sci. USA, vol. 108, no. 50, pp. 19943-19948,
2011.

A. Grosberg, P W. Alford, M. L. McCain, and K. K. Parker, “Ensembles
of engineered cardiac tissuesfor physiol ogical and pharmacol ogical study:
Heart on achip,” Lab Chip, vol. 11, no. 24, pp. 4165-4173, 2011.

P.W. Alford, A. W. Feinberg, S. P. Sheehy, and K. K. Parker, “Biohy-
brid thin films for measuring contractility in engineered cardiovascular
muscle,” Biomaterials, vol. 31, no. 13, pp. 3613-3621, May 2010.

G. Mathews, C. Sondergaard, A. Jeffreys, W. Childs, B. L. Le, A. Sahota,
S. Najibi, J. Nolta, and M. S. Si, “Computational analysis of contractility
in engineered heart tissue,” IEEE Trans. Biomed. Eng., vol. 59, no. 5,
pp. 1429-1435, May 2012.

C.S. Sondergaard, G. Mathews, L. Wang, A. Jeffreys, A. Sahota,
M. Wood, C. M. Ripplinger, and M. S. Si, “Contractile and electrophysi-
ologic characterization of optimized self-organizing engineered heart tis-
sue,” Ann. Thorac. Surg., vol. 94, no. 4, pp. 1241-1249, 2012.

K. Y. Seng, |. Nestorov, and P. Vicini, “Fuzzy least squares for identifi-
cation of individual pharmacokinetic parameters,” IEEE Trans. Biomed.
Eng., vol. 56, no. 12, pp. 2796-2805, Dec. 2009.

J. L. Borges and N. T. tr- Di Giovanni, “Of exactitude in science,” in A
Universal History of Infamy. London, U.K.: Penguin, 1975.

A. Rosenblueth and N. Wiener, “Therole of modelsin science,” Philoso-
phy Sci., val. 12, no. 4, pp. 316-321, Oct. 1945.

Authors’ photographs and biographies not available at the time of publication.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


