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Abstract

The combination of cell culture models with microscale technology has fostered emergence of /n
vitro cell-based microphysiological models, also known as organ-on-a-chip systems. Body-on-a-
chip systems, which are multi-organ systems on a chip to mimic physiological relations, enable
recapitulation of organ-organ interactions and potentially whole-body response to drugs, as well as
serve as models of diseases. Chemical reaction engineering principles can be applied to
understanding complex reactions inside the cell or human body, which can be treated as a multi-
reactor system. These systems use physiologically-based pharmacokinetic (PBPK) models to
guide the development of microscale systems of the body where organs or tissues are represented
by living cells or tissues, and integrated into body-on-a-chip systems. Here, we provide a brief
overview on the concept of chemical reaction engineering and how its principles can be applied to
understanding and predicting the behavior of body-on-a-chip systems.
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1. Introduction

Jay Bailey was in the forefront of biochemical engineering beginning in the late 1970’s
advocating the application of chemical engineering principles to understand living cells. By
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applying those principles to a living cell and by taking advantage of the insights emerging
from molecular biology, he demonstrated that we could rationally manipulate living systems
to serve humankind, for example, gaining insights into the best methods to produce proteins
from recombinant DNA or metabolically engineering microbes to perform desired chemical
transformations.! His work integrated sophisticated mathematical analysis with an effective
understanding of the underlying biology.

Here we apply a similar approach to understanding and predicting human response to
exposure to drugs and chemicals. We build upon the development of physiologically based
pharmacokinetic (PBPK) models, first championed by two chemical engineers, Robert
Dedrick and Ken Bischoff.2 We have extended that approach to build a physical model of a
human (or animal) using a PBPK to guide development of a set of interconnected
compartments with each compartment representing a particular organ or tissue.3 Later we
demonstrated that such a system could be constructed using the techniques of
microfabrication to construct a “Body-on-a-Chip” (BOC).# By using the techniques of
microfabrication, it is possible to construct at a modest cost human-based systems to test
drugs efficiently.

For decades, drug innovation has relied on cell-based high-throughput screening and animal
models to identify promising therapeutics for clinical trials. Yet the drug attrition rates at
clinical trial stages are persistently high (>88%), especially for oncology drugs (95%).%> The
giant gap between preclinical prediction and clinical outcomes is rooted in the interspecies
differences in genetics and physiology between the experimental animals and the human
body, as well as the disconnection between animal models of diseases and human diseases.
The low predictive values of preclinical models and thus high clinical attrition rates have
driven up the development cost of a new drug to approximately $2.6 billion recently.® The
prevalent use of animals in experiments also raises significant ethical concerns globally.
Therefore, the field of drug development, including regulatory authorities, pharmaceutical,
and chemical companies, are actively searching for alternative strategies. Microphysiological
models including BOC systems have emerged and gained momentum in recent years as an
innovative tool for drug development and disease modeling. With a large number of start-up
companies (over 28) involved in these efforts, there are several types of microphysiological
systems.” While not yet adopted by major pharmaceutical companies for their standard
preclinical drug development program, almost all major pharmaceutical companies are
exploring this technology. In this review, we first briefly discuss the concept of BOC
systems and related technology and the necessity to develop mathematical platforms for
BOC systems. We then discuss introducing chemical reaction engineering principles to
biological systems and describe how to apply these principles to the design and
interpretation of BOC systems to maximize their potential for drug development.

1.1 Concept of organ-on-a-chip and body-on-a-chip systems

Microphysiological systems (MPS) refer to “engineered microsystems that represent units of
human organs, modeling both structure and function”, as defined by National Institutes of
Health (NIH),® and include single organ-on-a-chip (OOC), multi-organ but not
physiologically directed (MOC), and BOC systems. A driving hypothesis of the field is that
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such microscale biomimetics of human organs could simulate human physiology and disease
progression, and thus offer more accurate predictions of human responses to therapeutics, as
well as provide mechanistic insights into human diseases, while significantly reducing drug
development cost and animal usage.

MPS emerge at the convergence of advanced stem cell technologies, biomaterials,
functionally realistic cell constructs, microfabrication, and microfluidics technologies,® and
have evolved rapidly with the collective effort from academia, pharmaceutical, and chemical
companies, and regulatory agencies. OOC of a specific organ (e.g. the intestines) aims to
recreate essential tissue-level structure (e.g. intestinal villi and crypts) and functionality (e.g.
absorption and metabolism of the intestines) in vitro. To do so, a gut model first requires a
considerable collection of different organ-specific cells (e.g. enterocytes, goblet cells,
enteroendocrine cells, Paneth cells, microfold cells, cup cells, and tuft cells etc. for
intestines). For example, Costello et al. developed a three-dimensional gut model based on
hydrogel scaffold, using different cell types such as enterocytes and fibroblasts, as well as
some of gut microbes that are known to reside in the gut.10 While early development
primarily used animal cells due to easy access and handling and potential applications for
veterinary medicine and comparison between in vitro systems and animal models, the
current focus is on human cell-based models. The shift is driven by great interests in using
them as “human surrogates” for drug testing, and is partially enabled by recent
breakthroughs in human stem cell technologies. Human induced pluripotent stem cells
(hiPSCs) have been derived from adult somatic cells,}1-13 and differentiated into a variety of
specialized cell types, including hepatocytes, 14 cardiomyocytes, 116 neurons,17.18
pancreatic cells, 19 lung and airway epithelial cells, 20 brain microvascular endothelial cells,?!
and intestinal cells?2. Such technologies provide a potentially unlimited source of organ-
specific human cells, and enable creation of patient-23 and disease-specific24-26 MPS
models for fully personalized drug testing. Other key components of a single-organ OOC
model include in vivo-like cell microenvironment that allows cells to survive and maintain
their cell type-specific phenotypes, and tissue-level cell organization, which is the basis for
tissue-level functions. A variety of innovative biomaterials that mimic native extracellular
matrix (ECM) in both composition and microstructure provide a promising tool for
recreating cellular niches /in vitro.2” The latest 3D cell culture techniques based on scaffolds,
28 organoid self-assembly,29-32 or 3D bioprinting33 have made remarkable progress in
creating complex multicellular organization that emulates tissue structures. In addition,
advanced 2D and 3D microfabrication technologies enable creation of microscale features in
the cell surroundings, which can modulate cell phenotype, guide cell organization, or
provide in situ sensing. Advanced microfluidics technologies give precise control of fluid
transport and interconnection, which regulate the chemical microenvironment. All these
technologies have led to exciting advances of MPS. Recent examples with demonstration of
tissue-level functionality include on-chip models for heart,34:35 liver,28 lung,36:37 skin,38:39
intestine, %0 kidney proximal tubule*! and glomerulus*2, blood brain barrier,3 blood-retinal
barrier,** female reproductive system,*> and placenta.*

When designing these OOC systems, it is usually not realistic to recapitulate all aspects of
the organs, including cell and ECM composition, the microenvironment, tissue structure, and
physiological functions. It is thus important to identify and model the key components of the
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target organ that are essential to the physiological function of the organ. For example, the
liver plays important roles in drug chemical reactions within the body, such as
detoxification, glucose metabolism, bile acid and albumin synthesis, and production of
numerous hormones, while the main function of the lung is to oxygenate the bloodstream
through gas exchange. It would be rational to consider specific enzyme activities as major
components when designing the liver chip, whereas the surface area per unit volume would
be an important component when designing the lung chip. The reader is referred to more
discussion on design considerations for other single-organ OOC systems, including heart,
kidney, gut, brain/BBB, skin, vasculature, and cancer.4”

Multi-organ microphysiological systems model organ-organ interactions in addition to
individual organ functionality. The interactions on chip are usually established through
fluidic connections with single-pass or recirculating perfusion.#® Cell metabolites and
soluble ligands released from one organ can be transported through the perfusion medium
and act on another organ module in the systems. An early proof-of-concept system with lung
and liver models recapitulated liver metabolism-dependent naphthalene toxicity toward lung
epithelial cells.*® BOC systems are a type of multi-organ MPS that emphasize relevance to
the human body. BOC often mimic the human body by maintaining many key physiological
parameters (e.g. organ perfusion rate) in its design, as well as the circulating architecture.
Due to their physiological relevance, BOC systems hold great potential for simulating
human physiology and predicting human responses.

1.2 Need for mathematical platform for body-on-a-chip systems

Human cell-based BOC systems could be a paradigm-shifting technology for drug
development. Yet to derive meaningful interpretation for clinical practice and get the
maximum potential from a BOC system, mathematical models are needed to guide its design
and interpret the results, due to the inevitable differences between BOCs and the human
body.

The biggest difference is the scale. The aim for BOC development is obviously not to
replicate a real human body, but to create a microscale model that simulates human
physiology. How to best reflect what happens in vivo using a miniaturized representation is
the central question in designing a BOC system. The corresponding relationship between a
BOC system and the human body is defined by scaling rules. Appropriate scaling strategies
are needed to ensure that essential mechanisms of cell responses and organ-organ
interactions in the BOC models align with those in vivo, and the results from a BOC model
have specific interpretation for drug development. For example, an overrepresented liver
module in the system could accelerate metabolism and clearance of testing drugs, decrease
drug exposure, and may mask potential drug toxicity towards other organs.

The second major difference comes from the gap between design and construction. It is not
trivial, or at least not cost-effective, to physically build an in vitro microsystem that can
match the physiological counterpart at all essential aspects. For instance, developing a
common medium as the “blood surrogate” for a BOC system is always challenging.*8
Recirculating whole blood is not practical, in part, due to the destruction of whole cells
during recirculation in most MPS. While most MPS have used a serum-containing medium,
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serum is not chemically defined and contains compounds that can promote growth and
interfere with cell differentiation. Serum-free, chemically defined media have been
developed that contain necessary hormones, lipids, serum proteins, and nutrients to sustain a
variety of cells in a mature phenotype for an extended period (e.g. 28 days).%%>1 The blood
surrogate is partially replaced each day (about 30%) and has a relevant drug carrying
capacity. The development of serum-free media with full chemical definition improves the
reliability and reproducibility of MPS. While current developed formula support basic
nutrient supply and waste removal, their oxygen transport capacities at the same perfusion
rate differ from that of the blood. The liquid-to-cell ratios in currently published multi-organ
microphysiological systems typically range from several to thousands-fold larger than the
human physiological values.#® Other parameters, such as blood residence time, surface area-
to-volume ratio, and cell type ratio, are also often not at physiological levels in many OOC
models. Such discrepancies affect the dynamics of drug transport, metabolism, and cell
responses, if not the mechanisms. Mathematical models can be used to introduce
compensation in the design and to make adjustment to interpret the results. In addition, wide
individual variation exists in the human population that BOCs model. It is not realistic to
create a BOC model for each individual. However, one can establish a mathematic model
that describes the varying parameters and in vitro results of a BOC model, and derive
personalized treatment plan (e.g. individualized drug dosing, not just based on age or
weight) using that mathematical model combined with scaling rules.

In summary, due to the discrepancy between a realistic BOC model and the human body of
an individual, there is urgent need for developing mathematical platform that can help BOC
systems generate meaningful information for drug development. In the following sections,
we will introduce chemical reaction engineering principles and to the design and
interpretation of BOC systems.

2. Application of chemical reaction engineering principles to biological

systems

2.1 Principles of chemical reaction engineering

Chemical reaction engineering deals with reactions occurring in chemical reactors. It is an
engineering field that studies the rates and mechanisms of chemical reactions and the design
of the reactors in which they take place.52 Various phenomena are considered as important in
the field of chemical reaction engineering, such as fluid dynamics, mass and heat transfer,
and reaction kinetics. The primary purpose of chemical reaction engineering is optimization
of chemical reactors, feed composition and operating conditions. Chemical reaction
engineering principles were originally derived mainly for applications in petrochemical
industries. However, general principles can be applied to various other systems where
reaction and transport of chemical species are involved. In this section, we provide a brief
introduction to the concept of chemical reaction engineering. Most readers of the AIChE
Journal are very familiar with the principles of chemical reaction engineering. Readers who
come from a different background will find several textbooks as useful resources.>2:53 Here
we provide a very brief introduction to the basic concepts of mole balance and reactor
design in the next paragraph.
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Main principles of chemical reaction engineering are based on mole balance equations. The
concept of mass conservation states that the following equation holds for an open or closed
system.

Accumulation = In — Out + Generation — Consumption (1)

This basic equation can be modified appropriately depending on the type of reactors that are
being considered. A batch reactor is a closed reactor where reactants are loaded at the
beginning of reaction and reactions are carried out without inflow or outflow. There are two
major types of flow reactors; a continuous stirred-tank reactor and a plug flow reactor. In a
continuous stirred tank reactor (CSTR), feed streams supply reactants continuously to the
reactor, where complete mixing ensures homogeneous distribution of reactants and products
inside the reactor. Once the steady-state is achieved, a constant composition of outflow
stream is observed, which is theoretically the same as that inside the reactor. By combining
the mole balance equation for a reactor and the reaction rate equation, one can define the
relationship between the reactor volume or time, and concentrations of reactants and
products. This knowledge can be used to optimize the reactor design or operating conditions
such as feed flow rate and feed composition.

The basic design approaches described above can be further extended to more complex
situations, for example combination of multiple reactors, or presence of multiple reactions
occurring in a reactor. In this case, deriving mass balance equations for each component or
each reactor involved results in a set of differential equations that need to be solved
numerically. Mathematical software tools capable of solving differential equations can be
used, such as MATLAB, or more professional software tools dedicated to reactor design and
process engineering are also available, such as Aspen-HYSYS®.

2.2 Living cells can be described by the principles of chemical reaction engineering

In principle, biological systems can be considered as chemical reactors (a single reactor or
combination of reactors) at various length and time scales. For example, inside a single cell,
thousands of chemical reactions occur simultaneously, such as transcription of DNA,
translation of RNA, modification of synthesized proteins, and generation of energy by
internal respiration. These reactions are often coupled with transport phenomena, for
example, RNA molecules transcribed from its source DNA are transported out of cell
nucleus to cytoplasm, where they are translated into proteins. Synthesized proteins are
further modified and transported to their designated locations, sometimes outside the cells.
These aspects make it natural to consider a living cell as a ‘bioreactor’, where chemical
reaction engineering principles can be applied.

The application of chemical engineering principles to understand and describe cellular
systems is well known in the bioprocess engineering literature.14 Single cells can be
described mathematically using the principles of chemical reaction engineering, and their
changes in physiology can be linked to changes in external parameters such as
concentrations of nutrients, chemical signaling factors, and physical parameters such as pH,
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temperature, and shear stress. Population models can be constructed from an ensemble of
single cell models (a segregated model) or a non-segregated model, that is, all cells are
presumed to be identical.5%:56

This concept that a living cell is basically a chemical reactor can be extended further to
biological systems of a wide range of length scale. Considering the fact that the human body
has hierarchical structures, with appropriate simplification and segmentation, the part or the
whole of the human body can be considered as a ‘living reactor’, with inputs and outputs,
and reactions occurring inside. The ‘living reactor’ can refer to a part or the whole of an
organism, ranging from a single molecule (DNA or protein) to cells, tissues, organs, and the
whole body. Here, we will provide some illustrative examples of biological systems that can
be modeled using principles of chemical reaction engineering, such as using PBPK
modeling.

2.3 Physiologically-based pharmacokinetic (PBPK) models

Pharmacokinetics (PK) refers to the science of drug absorption, distribution, metabolism and
elimination (ADME), or more specifically the quantification of those processes, leading to
the understanding, interpretation and prediction of concentration--time profiles in blood and
various organs.>’®8 Pharmacokinetic models are basically a mass balance on a substance in
the body, treating the body as a ‘reactor’. The complexity of a PK model can vary,
depending on the characteristics and the behavior of a drug in the body. For example, the
body can be treated as a single, well-mixed compartment, or a combination of two or more
compartments — a rapidly perfused compartment and a slowly perfused compartment. Often
drugs accumulate differently at different tissues due to their interaction with the tissue
structure. Rather than assuming well-mixed condition within an organ or a tissue,
heterogeneity can be introduced by segregating the tissue into separate compartments.
Figure 1 shows the different types of PK models with varying complexity.

PK models are formulated by setting a mass balance equation for a substance in a given
compartment. For example, a two-compartment model can be set up to describe the PK of an
orally absorbed drug. Here, the first compartment represents the gut, and the second
compartment represents the rest of the body. The mass balance on the first compartment,
gut, can be set up as follows.

dA
= kA @

where A is the amount of drug remaining in the gut lumen, and kj is the absorption rate
constant, assuming the first-order absorption kinetics. The mass balance on the second
compartment, the body, can be set up as follows.

dc
Ve =kA-CL-C (3)
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where V is the distribution volume, CL is the rate constant for clearance from the body, and
C is the concentration of a drug in the body. Solving these two equations, one can obtain the
expression for C as a function of time and rate constants k, and CL.

k _
co :%(k_—aCL)(e_CL.t_e kat) @

where D is the initial dose amount of a drug. This simple example of an empirical, two-
compartment model illustrates how the principle of mass balance can be used to describe the
fate of a drug in the body, given enough information about the rate of absorption and
clearance.

A more mechanistic basis can be added to a PK model by segregating the body into separate
organs. Often termed physiologically-based pharmacokinetic (PBPK) models, separate
compartments are assumed for different organs, which are connected with hypothetical
blood flows mimicking the blood circulation in the body. Each compartment acts as a
reactor, absorber, or holding tank. This model is based on physiological considerations,
because physiological parameters such as organ size, blood flow rate, and tissue-plasma
partition coefficients are derived from the physiological conditions of the human body.>®
Mass balance equations for each compartment are written, constituting a set of ordinary
differential equations, which can be solved numerically. These balances can be written not
only for the parental compound but also metabolites. This feature is often critical in drug
evaluation. Since a PBPK modeling approach is based on the actual physiological anatomy,
it has a more mechanistic basis than the empirical compartment models, and specific
mechanism of action can be related to a specific organ site. On the other hand, being a more
complex model, a PBPK model requires a larger number of parameters than simple
compartment models. However, potentially the number of adjustable parameters in a PBPK
model may be fewer than in a PK model. While anatomical parameters such as organ
volumes and blood perfusion rates can be found more easily, parameters such as enzyme
kinetic parameters and partition coefficients are generally more difficult to determine. These
parameters are compound-specific, and often show inter-individual variation as well.
Obtaining the actual values of these parameters can be challenging. Several methods have
been proposed and used for estimation of these parameters,6%-61 put parameter fitting using
time-concentration data is often required.52 Several strategies for numerical fitting of
parameters have been developed. The reader is referred to detailed discussions of statistical
inference techniques®3:64, concepts for parameter correlation detection®® and model based
experimental design techniques®® as approaches that can be used to achieve better parameter
estimates for these types of models. A brief discussion is also included in the supplementary
document that is available online.

2.4 Enzyme reactions

Enzymes are biological molecules, generally proteins, acting as catalysts. Enzymes act upon
‘substrates’ to generate ‘products’. Enzymes are responsible for most of the metabolic
processes within the cell. The knowledge about the mechanism of enzyme reaction allow
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one to develop equations describing the kinetics of enzyme reaction. The basic mechanism
of how enzymes work consists of two major steps, 1) binding of an enzyme to a substrate,
and 2) generation of products. By setting up rate equations for each step and combining
them, one can derive Michaelis-Menten kinetic equation?.

Vimax [S]

Vg, w1 ©

, where v is the enzyme reaction rate, [S] is the substrate concentration, vinax and Ky, are
constants. There are enzymes with more complex mechanism of action, for example
enzymes with multiple binding sites, or enzymes requiring co-factors. In this case reaction
rate equation can be more complex.! The Michaelis-Menten kinetics can explain the
saturation kinetics often observed with enzyme reactions, that is, when substrate
concentration is high, the observed reaction rate becomes constant.

Knowledge of enzyme kinetics is important since it helps understand and predict how
enzymes will behave in a living system, and as well as provide a way to control how
enzymes work. The two major parameters of enzyme reaction kinetics, Vmax and Ky, where
Vmax represents the maximum reaction rate that can be achieved at high substrate
concentrations, and K, represents the half-saturation constant where the reaction rate is half
of the maximum rate.

In case an enzyme is encapsulated inside a matrix, transport of substrates and products in
and out of matrix can be a limiting step. The relative efficiency of transport and reaction can
be evaluated using Damkéhler number, Da, which is formulated as follows,

A%
= ©

where v, is the maximum reaction rate per unit surface area (moles/s cm?), and k;_is a mass
transfer coefficient (cm/s), and Sy, is bulk concentration of substrate (mole/cm3). Da
essentially represents the ratio of maximum reaction velocity to the maximum rate of mass
transfer, and a high Da implies that the mass transfer is the limiting step, and a low Da
implies that the reaction is the limiting step. The maximum reaction rate per unit surface
area, Vp, can be modulated by varying the amount of enzyme available on the surface. An
enzyme can also be immobilized on a free surface. In this case, the rate of transport of
substrate molecules to the surface determines the reaction rate, as follows,>*

Vinax| 53]

Jo =k ([S,) = [S,]) = K +[5] Y]
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The knowledge about the important parameters related to the reaction kinetics of enzymes,
such as vinax and Ky, and transport of molecules within the reactor, such as k|, helps one to
optimize reactor design and operating conditions.

3. Designing and analysis of more physiologically-relevant body-on-a-chip
systems

3.1 Progress in physiologically-based BOC systems

Microphysiological systems have shown significant progress thanks to recent advances in
biomaterials, microfabrication technology, and cell biology. The human body functions as a
complex orchestration of multiple organs, and many diseases arise as the result of untuning
of such interactions. For example, the metabolic syndrome, often manifested by
hypertension, obesity, and hyperglycemia, is thought to progress by multiple causes
including stress, unbalanced diet, and sedentary life style, and can lead to more serious
diseases such as cardiovascular diseases or type 2 diabetes.” While modern medicine has
been highly effective at addressing acute diseases with a relatively simple mechanism of
progression, chronic diseases have been more difficult to cure, due to its complexity of
pathophysiology and the lack of accurate model systems.

As OO0C technology has demonstrated success in recapitulating the essential functions of
individual organs, the next foreseeable step is to create a system of multiple organs in a
physiological manner (Body-on-a-chip (BOC) systems). These platforms aim to capture the
interactions between multiple organs, and allow the prediction of both drug efficacy on a
target organ and potential toxicity or side effects on another organ 6869, Clearly, some
organs interact more with other organs than others, and carries greater importance in
developing body-on-a-chip systems. For example, the liver has been the central organ in
developing body-on-a-chip systems, due to its importance in biotransformation and
detoxification. The gut and the kidney have also been considered important, because of their
roles in absorption and clearance, respectively. For example, Shintu et al., combined liver
and kidney cell culture in a microfluidic device with metabolomic footprinting technique to
characterize the organ toxicity of compounds such as ammonia and acetaminophen.”® There
are numerous other examples of body-on-a-chip systems with an aim of recapitulating the
effect of liver metabolism on other organs.88:69.71-76 The gut also affects other organs
extensively, as orally taken substances are absorbed through the gut. Several body-on-a-chip
systems for observing the drug absorption in the gut and subsequent action in other organs
have been reported. Esch et al. used a body-on-a-chip to evaluate the absorption of orally
taken nanoparticles and their effect on the liver.”” Shim et al., reported a microfluidic chip
with three-dimensional culture of gut cells to evaluate drug absorption.”® Mahler et al.
developed a body-on-a-chip system connected with a separate module representing the gut,
to evaluate the gut absorption of acetaminophen and its subsequent action on other cells such
as the liver and the lung.”®

Since the gut and the liver are the first two organs that orally taken substances encounter
before entering the systemic circulation, they exert a significant effect on the bioavailability
of the substances, as well as generation of metabolites. The term “first-pass metabolism”
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refers to the phenomenon where an orally administered drug is metabolized to a significant
extent before reaching the systemic circulation.89 Reproducing the first-pass metabolism
requires co-culture of gut and liver cells. Using microfluidic system enables mimicking the
anatomical layout of the gut and liver, where molecules are absorbed in the gut, and then
transported to the liver for subsequent metabolism. Several body-on-a-chip systems have
been developed with an aim of reproducing the first-pass metabolism by co-culturing gut
and liver cells in a microfluidic device, where the gut and the liver are connected via a
fluidic channel or exist in indirect contact separated by a membrane. Bricks et al. reported a
microfluidic co-culture system of liver and intestine cells to evaluate the first-pass
metabolism of omeprazole and phenacetin.81 Choe et al. also reported a body-on-a-chip
system with a similar concept, where gut and liver cells are co-cultured in a chip within
separate compartments, where intestinal absorption and hepatic metabolism are designed to
occur sequentially.82 After administration of a model compound, apigenin, to the gut
compartment, both the original compound and the metabolites of the original compound
were detected in the liver compartment, verifying the presence of absorption and metabolic
reaction occurring in the system.

One aspect of body-on-a-chip systems for reproducing the first-pass metabolism is providing
a basis to estimate the pharmacokinetic parameters. Since the absorption in the gut and the
metabolism in the liver can be basically considered as coupled phenomena of transport and
reaction, there have been attempts to utilize body-on-a-chip systems with gut and liver cells
as an /n vitro platform for prediction of pharmacokinetic parameters. Obviously,
construction of a pharmacokinetic model representing the body-on-a-chip system can help
with the extraction of necessary parameters from the experimental measurements. Prot et al.
developed a body-on-a-chip system with gut and liver cells, coupled the chip system with a
mathematical model to estimate intrinsic /n vitro parameters and predict /n vivo parameters.
83 A parallel tube model was used to model the hepatic metabolism, and parameters such as
drug availability and hepatic clearance were calculated and compared with /in7 vivo values. In
an approach with a similar purpose, a PK model representing the gut-liver chip was used to
calculate the concentration profile of a model drug, acetaminophen, and its metabolites
observed in the chip.84 Construction of a PK model representing the gut-liver chip allowed
the authors to test several different parameters describing the properties of the gut and the
liver, and compare the obtained PK profile from the chip model with the PK profile observed
in the human body. This type of activity gave the authors insight into how the gut-liver chip
should be designed and operated to mimic the PK profile of a drug in the human body.

3.2 Design considerations for body-on-a-chip systems

Construction of a PBPK model representing a body-on-a-chip basically follows the process
of constructing a human PBPK model. A set of mass balance equation is set up for each
compartment in the body-on-a-chip. The volumetric flow rate of media perfused into each
chamber is intended to mimic the blood flow rate, and the volume of each chamber is
intended to mimic the organ volume. This is well summarized in several research
articles® 74 as well as review articles®®8%, One of the advantages of coupling a PBPK model
with a body-on-a-chip is that the PBPK model can function as a mathematical platform for
extracting PK parameters,33 or to optimize the design of body-on-a-chip to achieve more
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physiologically realistic PK profile.8* Being the mathematical counterpart of a body-on-a-
chip system, coupling the two /n silicoand in vitro models can help improve both systems.
For example, a PK model can be used to interpret the experimental results obtained from the
body-on-a-chip, or a PK model can be used to optimize the design of a body-on-a-chip. On
the other hand, a body-on-a-chip can be used to verify hypotheses derived from a
mathematical PK model, as illustrated in Figure 2.

A mathematical framework for body-on-a-chip systems can be particularly useful, because
design and scaling of a body-on-a-chip system is important for correctly reproducing the
response of the chip to drugs. For example, when considering the first-pass metabolism of a
drug, obviously the relative sizes of the gut and the liver would influence the concentration
of the drug in the chip.84 Since there are many parameters that need to be considered,
designing a body-on-a-chip correctly is not an easy task, and currently there is no simple
solution. For example, some of the important physiological parameters that need to be
considered are cardiac output, flow rates, number of cells, cell-liquid ratios, residence times
in each organ, and intrinsic reaction rates. Several researchers suggested general principles
for designing body-on-a-chip systems. Allometric scaling approaches have been
demonstrated, where the number of cells, cell surface area, and metabolic rates were
considered to set the ratio between different organs.86 In another approach, the residence
times in each organ chamber were considered as the main criteria for determining the flow
rates and sizes of each chamber in a body-on-a-chip.# Abaci and Shuler proposed a set of
design criteria for developing body-on-a-chip systems.8” Parameters pertaining to a body-
on-a-chip can be calculated based on the ADME parameters. Principles often used in
chemical engineering can be useful for scaling purposes as well. In fluid mechanics or
reaction engineering, equations are often non-dimensionalized, and this use of dimensionless
numbers often gives a more valuable insight into how the system operates. For example, we
mentioned the Damkdhler number, Da, when analyzing the transport and reactions involving
enzymes encapsulated within a matrix. In a similar approach, the same Damkéhler number
can be used to characterize the chemical reaction rate within a CSTR (continuous stirred
tank reactor).

—r, vV
Da=—2% (g
FAO

, whereer is the initial reaction rate, V is the reactor vqume,FA0 is the molar flow rate of

reactants entering the reactor. This dimensionless number, Da, represents the ratio of a
reaction rate to a convection rate, and its value will allow easy determination of whether the
reactor is convection-limited or reaction-limited. Such use of dimensionless numbers helps
gain insight into how a system operates, and may be useful when scaling the human body
into a microscale body-on-a-chip system.

One difficulty with correctly designing a body-on-a-chip system is that it can depend largely
on the cell source, as cells from different sources will exhibit different characteristics, even
if they are meant to represent the same organ. For example, the HepG2 cell line, a widely
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used cell line for representing the liver, often shows extremely low activity for certain
metabolic enzymes. The design of a body-on-a-chip would change depending on whether
the HepG2 cell line or primary hepatocytes with more authentic enzyme levels were used.

Other common chemical engineering principles could also be important when designing
physiologically-based BOC systems. For example, mass or oxygen transfer within the chip
could become a limiting factor for cells to grow and function. In particular, many recent
organ-on-a-chip systems incorporate 3D forms of cell culture, often cells encapsulated
within a hydrogel or extracellular matrix. This type of cell culture complicates the issue of
mass transfer, since sometimes efficient transfer of essential molecules can be hindered.
Controlling the transfer of gases (oxygen or carbon dioxide) in and out of the chip systems
can also be an important factor that affects the systems. Enzyme activity within the system is
also an important consideration. Often enzymes need to function inside the systems, either
existing within the living cells or in forms of partially purified enzymes. These enzymes can
sometimes be immobilized within the surface of the chip or encapsulated within a 3D
matrix. Characterizing and maintaining the activity of enzymes within the device is
important, and sometimes can be quite challenging.

4. Future perspectives

The field of BOC systems has advanced to a point that quite a few aspects of
pharmacokinetics and pharmacodynamics can be recapitulated in vitro.#8 After the initial
platform development, the field is moving forward rapidly focusing on biological fidelity
and clinical validation. Extrapolating clinically relevant parameters is critical for BOC
systems to prove their value for drug development. We believe combining experimental
(BOC) and computational (mathematical modeling) approaches to integration of multiple
interacting organ models within a BOC device or across platforms is a practical strategy to
obtain a general perspective of a drug’s safety and efficacy as well as extract clinically
relevant parameters.

The combination of BOC systems with mathematical modeling could take different forms
with varied levels of physical integration. Most current BOC systems consist compartments
representing 2 to 4 organs, and typically recapitulate a few aspects of the drug ADME
process, such as intestinal absorption and metabolism of oral drugs 82:88-91 hepatic
metabolism and bioactivation,9:68.69.71.84.92 hinaccumulation, % blood brain barrier
penetration,®* and renal drug clearance.%3:9 Highly integrated BOC systems that
recapitulate major aspects of drug ADME process and provide access to drug toxicity and
efficacy evaluation are challenging to construct, yet not impossible. Miller et al. has
developed a 14-chamber BOC system representing 13 organs within a single chip on a
pumpless platform.?> The interconnection scheme of various organ models follows an in
vitro PBPK model simplified from the human PBPK model, and the on-chip organ perfusion
rates and organ size ratios were all kept physiological. Their work demonstrates the
possibility to construct and maintain much more complex BOC systems. Edington et al.
described a 10-organ MPS on a pneumatically driven microfluidic platform, which provides
intra-organ mixing, systemic recirculation, and physiological flow distribution among organ
models.% Different organ models were developed individually on a uniform transwell-style
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format and plugged into the platform for inter-organ connections. Such a strategy, as also
previously used by the Marx research group,9’ simplifies integration of various organ
models of different forms (e.g. 3D or 2D) and from different sources, but it also makes it
difficult to maintain on-chip organ size ratios and liquid-to-tissue ratios at close-to-
physiological levels. For that, the authors constructed a device PBPK model that also
considers cell types and numbers in each organ model and working media volume in the
system. They applied the PBPK model to analyze the distribution kinetics data for a
nonsteroidal anti-inflammatory drug, diclofenac (DCF) and its metabolites (e.g. 4-OH-DCF)
after apical gut administration (mimicking oral administration), and derived pharmacokinetic
parameters (e.g. DCF unbound intrinsic clearance (CLiny(y)), the fraction of conversion of
DCF to 4-OH-DCF) through parameter fitting. This work set an example of coupling
mathematical modeling and MPS systems for in vitro pharmacokinetic studies. It should be
noted, though, that such quantitative biology pharmacology (QBP) modeling is based on a
clear understanding of the underlying mechanisms of drug responses. When the on-chip
inter-organ relationships, such as organ size ratios and liquid-to-tissue ratios, deviate from
physiological levels, the governing biological mechanisms of drug responses may also shift
in vitro vs. in vivo. More importantly, in some cases, unknown biological mechanisms that
occur in vivo fail to manifest themselves in the in vitro model due to different exposure dose
and other factors. These unknown mechanisms cannot be detected through the comparison
of results between the in vitro experiments and in silico simulations using the corresponding
PBPK model based on known mechanisms. Similar pros and cos also apply to other MPS
with unphysiological inter-organ relationships, including those functionally coupled yet
physically decoupled MPS systems, in which different organ models developed and used for
testing in geographically distanced laboratories are “connected” by transporting medium
effluent from one model to another in a physiological order,%* as well as systems with on-
chip analytical modules for viability and functional readouts’® (e.g. muscular contractile
force, neural or cardiac electrical activity) for toxicity and efficacy evaluation. Overall, a
highly integrated, PBPK model-guided BOC system maximally retains the physiological
relationships among organs, while a QBP modeling-coupled, distributed system has loose
constraints on physiological relevance but more design flexibility and analytical capability.
These two types of MPS can be complementary in obtaining precise prediction of human
drug response and clinically relevant parameters.

We also expect to see a broader application of BOC systems to precision medicine,
especially to orphan drug development for rare diseases. Although each rare disease affects
less than 1 in 2000 people, there are estimated over 7000 rare diseases and over 95% of
these diseases do not have any drug treatments. Challenges in orphan drug development
include lack of good animal models and existing data, extremely low patient enroliment for
clinical trials, and heterogeneity in disease progress and treatment outcomes. With more
public health funds (e.g. NIH) investing into precision medicine initiatives, we believe
personalized BOC systems built from patient samples are on the horizon and hold great
potential to help both preclinical and clinical stage orphan drug development. An OOC
system that models cardiac weakness of Barth syndrome, a rare disease due to mutation of
TAZ gene, has been demonstrated using cardiac iPSCs generated from patients’ skin
biopsies.? With advanced iPSC technologies, a whole BOC system that carries a patient’s
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notype can be expected in the near future. With limited and heterogeneous patient

population for clinical trials, establishing mathematical models based on chemical reaction

en
€X

gineering principles is especially important for orphan drug development to guide BOC
periment design, interpret experiment data, and ultimately produce clinically meaningful

parameters.
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Various forms of PK models. (A) Two compartment model; (B) Compartment model with

segmentation; and (C) PBPK model.

AIChE J. Author manuscript; available in PMC 2019 December 01.

poojq |elauy




1duosnuey Joyiny

1duosnuely Joyiny

Sung et al. Page 22

(A)

poojq snouap,
PoO|q [EHaLY

(B) - -
rl Y
7 A Y
/ Y
/ ‘\
7 Organ 1 \
1 \
> Organ 2 :
" I
- 1 ]
\ Organ 3 1"
\
\ /
N\ /!
“ s
b '
~ ’
~ ~

Body-on-a-chip PBPK model for BOC

Figure2.
(A) Schematics of the human body and its corresponding PBPK model. (B) Representative

body-on-a-chip system and its corresponding PBPK model. The BOC model can be made
more complex, for example, BOC system with 14 organ compartments.82
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