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1 INTRODUCTION
The discovery and development of new drugs is a long, research-intensive, and costly 
process. Bringing a new drug to market takes an average of 10–12 years and, if link-
ing the expenditures for abandoned compounds to those that are approved and 
including both small molecules and biologics, costs $1.3–2.6 billion USD [1]. 
A report from the Centers for Medical Research (CMR) [2] shows that <1 out of 
every 10 drugs entering clinical trials makes it to market. Most of these compounds 
fail due to the lack of efficacy [2]. Both the expense of testing new drugs and the large 
number of new compounds available to be tested make a rapid, inexpensive method 
for accurately assessing efficacy and toxicity in humans essential in the pharmaceu-

tical industry.
Animal studies are the primary method used to determine toxicological and phar-

macological profiles, but animal experiments can take months to complete and are 
costly, and animal drug metabolism can differ substantially from human metabolism. 
Cytochrome P450 (CYP450) enzyme isoform composition, expression, and activity 
differ between animal species, for example [3]. For every 50 drugs that are safe for 
use in animals, approximately one drug proves safe for use in humans [4,5]. This is an 
ethical dilemma, not only for the use of animals but also for the human patients 
involved in clinical trials.

In vitro cell culture systems are widely used as an experimental tool during the 
preclinical phase. Human cells from a single organ or tissue are generally cultured in 
multiwell plates in 2-D conditions, which are easy to manipulate and allow for high-
throughput assays. Cell cultures are limited in their ability to predict drug toxicity 
and efficacy, however, and one of the primary reasons for this is a lack of physio-
logical relevance [6]. Two dimensional, single-cell-type cell cultures cannot recreate 
the in vivo microenvironment, including cell-cell and cell-matrix interactions;
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nutrient and oxygen supply; metabolite and waste removal; and, most importantly,

direct interaction with other organs and tissues or interactions through soluble pro-

teins or metabolites [7].

Microfabrication and microfluidic technologies have enabled the creation of

body-on-a-chip devices that provide physiologically relevant microenvironments

for and interactions between human cells. Body-on-a-chip systems replicate human

physiology with respect to the size relationships of organs, blood distribution, and

blood flow. When operated with human-derived cells, these systems are capable

of simulating human drug metabolism and subsequent therapeutic actions, toxic side

effects, and tissue-specific functional response. Body-on-a-chip devices have the

potential to direct drug development toward the most promising candidates or help

other drug candidates “fail faster” or be removed from the new drug pipeline before

human clinical trials. The goal of this chapter is to provide an overview of the current

state of body-on-a-chip technology, including chip design principles, body-on-a-chip

fabrication considerations, and current applications of the technology.

2 A PRIMER ON BODY-ON-A-CHIP SYSTEMS
2.1 BODY-ON-A-CHIP DEVICES AND PBPK MODELS
Body-on-a-chip devices are physical representations of physiologically based phar-

macokinetic (PBPK) models. PBPK models are mathematical models of human

metabolism that take into account physiological parameters such as organ sizes,

blood flow rates through organs, and enzyme activity. To develop PBPK models,

the human body is first represented as a drawing that shows organs as boxes and

blood flow as arrows (see Fig. 1). Often, the human body is simplified so that the

drawing only contains organs and reactions that are relevant for the metabolism

of a particular drug. Organs that do not absorb the drug or do not otherwise contribute

to its metabolism are left out. These simplified drawings can be used to develop

body-on-a-chip devices.

PBPK drawings can guide the layout of microfluidic body-on-a-chip systems in

the following way: Each box (i.e., each organ) becomes a cell culture chamber on the

chip, and each arrow (i.e., blood flow) becomes a microfluidic channel. The sizes of

the cell culture chamber are determined by the size of the organ in the human body

and the density of the engineered tissue construct that will represent that organ (see

Section 2.2 for detailed calculations). If all tissue constructs have the same cell den-

sity, then all organ chambers can be scaled using the same scaling factor. Second, the

sizes of microfluidic channels are determined by the amount of flow that is needed to

perfuse the organ chamber at the same rate as the same volume of tissue is perfused

inside the body. Both organ chamber sizes and microfluidic channel sizes are

designed to mimic conditions in the body. The overall arrangement of organ cham-

bers and microfluidic channels will match that of PBPK drawing, simplifying the

human body. Abaci and Shuler [8] have written a useful guide to the design of

PBPK-based microphysiological platforms.
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The biggest challenge developers of body-on-a-chip devices face is that it is dif-

ficult to represent the entire human body with a microfluidic system. There are many

organs that are interconnected with each other and that have their own microarchi-

tecture, consisting of organ-specific structures and many different cell types. There

are also systems that respond to varying conditions, such as the immune system and

the endocrine signaling system. In addition, even if it is possible to create a system

that represents all the complexities of the human body, it is quite likely that such a

device would be difficult to use. Introducing simplifications is necessary to achieve

workable proof-of-concept devices.

What kind of simplifications can reasonably be made depends on the question

that will be investigated with the device. For example, Mahler et al. asked the ques-

tion whether the bioavailability of acetaminophen can be replicated with a body-on-

a-chip system [9]. The concentration of acetaminophen immediately after ingestion

(and before the drug is circulated throughout the body, metabolized, and excreted) is

determined by the rate of transport across the intestinal epithelium and the rate of

first-pass metabolism in the GI tract and the liver. A system that contains those

two organs and the appropriate amount of liquid (i.e., the appropriate amount of liq-

uid surrogate to represent the body’s blood) can be used to estimate the acetamino-

phen blood concentration immediately after ingestion. A simplified system as

described is easier to work with than a complex device with many organ compart-

ments, yet it can still give an answer to the question of how much acetaminophen

reaches the systemic circulation after ingestion.

FIG. 1

A schematic of a PBPK model of the human body and of a simplified version of the human

body that can be used to build a body-on-a-chip device.
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When simplifying a body-on-a-chip system by excluding organs, it is important

to include the liquid portions of those excluded organs and the full amount of blood.

That strategy ensures that the system has a physiological liquid-to-cell or fluid-to-

tissue ratio and that drug and metabolite concentrations are similar to what they

would be inside the body. Since both drug efficacy and drug toxicity can strongly

depend on drug and metabolite concentrations, it is vital to pay close attention to

the amount of liquid within the body-on-a-chip system.

Another consideration when designing body-on-a-chip systems is the scaling fac-

tor that will be used to determine the sizes of organ chambers. There should be a

minimum number of cells that represent an organ, and the scaling factor will vary

from system so system depending on the smallest organ that will be included. Some

organs, such as lymph nodes, are very small compared with other organs. If those

small glands play an important role in the drug metabolism to be studied, then they

need to be represented with a minimum number of cells that will produce measurable

reactions. All other organs of the system need to be scaled so that their size reflects

the correct physiological size ratio.

Sometimes, the need to make simplifications arises from the technology used to

create the body-on-a-chip device. For example, a gut module with an apical and a

basolateral chamber could be machined in plastic (instead of silicon) and become

an off-chip component. It might technically be easier to connect such an off-chip

component directly to the liver, instead of splitting its output between the liver

and the systemic circulation. When making such simplification, the original PBPK

drawing can be redrawn to reflect it (see Fig. 1B).

When body-on-a-chip devices are developed using this strategy, they become

physical representation of the PBPK model, where enzymatic reactions taking place

within the organ compartments replace equations and actual fluidic flow through

interconnecting microfluidic channels replaces fluid flow equations. This relationship

becomes useful because we are able to build a very accurate PBPK model of the

body-on-a-chip device [10]. That model will be quite accurate because we knowmany

of the needed parameters, such as the sizes of cell culture chambers, cell density within

a tissue, and liquid flow rates. We also knowwhich simplifications we havemade, that

is, which functions of the human body will not be present in the device.

We can now use the devices in combination with the PBPK models to obtain

parameters that cannot be obtained otherwise, for example, the rate of first-pass

metabolism of acetaminophen, and other parameters that describe its absorption, dis-

tribution, metabolism, and excretion (ADME). It is also possible that single tissue-

on-a-chip devices such as those reviewed by Bhise et al. [11] can, in conjunction with

their mathematical models, can be used to obtain tissue-specific parameters that were

previously unknown [8]. We can also use the system to test assumptions we make,

and those assumptions can be validated. Through an iterative process, both the

devices and the accompanying PBPK model can be refined, so that eventually the

model will predict the outcome of an experiment with the body-on-a-chip device

accurately. Those parameters can then be used to more accurately build PBPK

models of more complex body-on-a-chip devices and of the human body (Fig. 2).
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FIG. 2

Obtaining tissue-specific parameters with body-on-a-chip devices and integrating them to construct more accurate PBPKs.
Reproduced with permission from Abaci HE, Shuler ML. Human-on-a-chip design strategies and principles for physiologically based pharmacokinetics/pharmacodynamics

modeling. Integr Biol 2015;7(4):383–91, the Royal Society of Chemistry.
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Despite the initial simplifications body-on-a-chip developers make, devices that

represent the human body fairly completely will remain the main goal. The more

complex the body-on-a-chip system becomes, that is, the more organs are included

and the more accurate flow rates and fluid residence times are achieved, the more the

PBPK model of the device will resemble the PBPK model of the human body. Data

that are produced with well-designed body-on-a-chip devices that represent the

human body well will then indicate more reliably how a drug will behave inside

the human body. In other words, the in vitro to in vivo conversion of the experimental

outcome obtained from body-on-a-chip devices will be much easier to do and will be

more accurate.

2.2 BODY-ON-A-CHIP DESIGN
Fluid dynamics and transport phenomenon equations can be used to design micro-

fluidic body-on-a-chip systems. The flow inside a microfluidic channel can be ana-

lyzed by solving Navier-Stokes equation, assuming an incompressible fluid. The key

component in body-on-a-chip design is equalizing the pressure drop across all inter-

connected channels and chambers to allow for a passive on-chip fluid flow split. The

pressure drop across a fluidic channel is analogous to an electric circuit. Ohm’s law

relates the change in electric potential (ΔV) to the current I with ΔV ¼ IR. R, the
resistance, is dependent on factors including the system and materials [12]. In micro-

fluidic systems with a pressure difference (ΔP) across a fluid-filled channel, there is
a flow rate (Q with units of volume/time) with ΔP ¼ QRH. RH is the hydrodynamic

resistance, which is a function of the channel geometry and fluid viscosity [12]. The

following equations were used to design the body chip shown in Fig. 3. The prototype

was designed on the basis of the following constraints, which were first outlined by

Sin et al. [14]:

FIG. 3

Body-on-a-chip used by Mahler et al. [9] and Esch et al. [13] for first-pass metabolism

studies.
Adapted from Mahler GJ, Esch MB, Glahn RP, Shuler ML. Characterization of a gastrointestinal tract microscale

cell culture analog used to predict drug toxicity. Biotechnol Bioeng 2009;104(1):193–205.
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(1) The ratio of the chamber sizes and the liquid residence times in each

compartment should be physiologically realistic.

(2) Each chamber should have a minimum of 104 cells to facilitate analysis of

chemicals.

(3) The hydrodynamic shear stress on the cells in tissue compartments should be

within physiological values (<0.2 N/m2 (<2 dyn/cm2)). Much higher shear

stress values are found in the vasculature; shear stress ranges in magnitude

from 0.1 N/m2 (1 dyn/cm2) to 0.6 N/m2 (6 dyn/cm2) in venous vessels and from

1 N/m2 (10 dyn/cm2) to 7 N/m2 (70 dyn/cm2) in arterial vessels, and models

of the vasculature can be included in these systems [15,16].

(4) The liquid-to-cell ratio should be close to the physiological value (1:2).

The channels are where fluid flows between chambers and into and out of the chip.

Chambers are where cells are seeded onto the body-on-a-chip. These design calcu-

lations begin by defining the density (ρ), kinematic viscosity (ν), and dynamic vis-

cosity (μ) of the circulating culture medium at 37°C. In addition, the height (hcl) and
diameter (dcl) of cells should be estimated, and the number (Nch), width (wch), length

(lch), and height or depth (hch) of chambers should be determined. Cell area and vol-

ume can be estimated by defining the diameter of a cell (dcl) and the height of a cell
(hcl) and assuming a cylindrical geometry:

Cell area¼ π∗d2cl
4

μm2
� �

(1)

Cell volume¼ π∗d2cl∗hcl
4

μm3
� �

(2)

Equations in this chapter are valid in any consistent set of units. We specify one set in

square braces for illustration. The total number of cells per chamber, assuming 100%

confluency, can be also calculated:

Number of cells per chamber¼Nc ¼ 4∗wch∗lch
π∗d2cl

(3)

Next, the desired flow rate through each chamber (Qch) should be defined. The flow

rate through each chamber can be adjusted to provide a physiological shear stress to

the cells seeded within each chamber. The total flow rate through all chambers

should match the total pressure-driven flow rate from the peristaltic pump (Qtotal).

With chamber dimensions and flow rate through each chamber defined, the linear

velocity, residence time, shear stress per unit area on cells, hydraulic diameter,

and Reynolds number for each chamber can be calculated. Assumptions include

an incompressible Newtonian fluid, a constant cross-sectional flow area, h ≪ w
for the rectangular chambers and channels, a parabolic flow profile (fluid velocity

is the fastest at the center and slowest near the channel wall), and no slip (zero veloc-

ity) at the walls. Equations have been simplified to their one-dimensional form:

Chamber average velocity¼ uch ¼ Qch

hch�hclð Þ∗wch
μm=sð Þ (4)
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Chamber residence time¼wch∗lch∗ hch�hclð Þ
Qch

sð Þ (5)

Physiological values for shear stress are generally <0.2 N/m2 (<2 dyn/cm2) for tis-

sues, from 0.1 N/m2 (1 dyn/cm2) to 0.6 N/m2 (6 dyn/cm2) in venous vessels, and

from 1 N/m2 (10 dyn/cm2) to 7 N/m2 (70 dyn/cm2) in arterial vessels [15–17]. Shear
rate at the inner wall of a Newtonian fluid flowing within a pipe can be described as

Shear rate¼ γ¼ 8∗uch
hch�hclð Þ 1=sð Þ (6)

The shear stress (τ) can be calculated bymultiplying the shear rate (γ) by the dynamic

viscosity of the fluid:

Shear stress per unit area on cells¼ τ¼ γ∗μ N=cm2
� �

(7)

Shear stress can also be estimated using the standard equation for wall shear stress for

Poiseuille (pressure-driven) flow in a rectangular channel:

τ¼ 6∗Qch∗μ
hch�hclð Þ N=cm2

� �
(8)

The hydraulic diameter (DH) or characteristic length of the chambers is needed to

calculate the Reynolds number in noncircular channels and is equal to four times

the area of flow divided by the perimeter of the duct in contact with fluid:

Hydraulic diameter¼DH ¼ 2∗wch∗ hch�hclð Þ
wch + hch�hclð Þ μmð Þ (9)

Next, the dimensionless Reynolds number (Re) is calculated using the hydraulic

diameter to determine if flow is turbulent or laminar. Flow is laminar if

Re < 2300, transient for 2300 < Re < 4000, and turbulent if Re > 4000 [18]:

Chamber Reynolds number¼Re¼ ρ∗uch∗DH

μ
(10)

In microfluidic devices, pressure-driven flow through channels and chambers is most

often laminar [19]. Because the Reynolds number is usually very low, most of the

pressure drop through the device is due to friction. To determine the pressure drop

in the chambers, the friction factor is needed. To estimate the friction factor in the

microfluidic chambers, the equation for the Darcy friction factor, f, for laminar flow

in a circular pipe can be used [20]:

f ¼ 64

Re
(11)

The pressure drop through each chamber can then be determined using the Darcy-

Weisbach equation:

ΔPch ¼ f∗ρ∗lch∗u2ch
2∗DH

Pað Þ (12)

In the example case, the chamber where cells were seeded had triangular distrib-

utors containing evenly spaced, 100 μmwide by 30 μm high posts or baffles to help
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mix liquid at the chamber inlet and outlet. These baffles were previously found to

more evenly distribute fluid flow throughout the chambers [14]. The pressure drop

through the distributors was calculated with the Ergun equation [21], which

describes flow through a packed bed and requires the following parameters to

be defined:

Width of baffles¼wbaf μmð Þ

Height of baffles¼ hbaf μmð Þ

Width of distributor inlet¼wdist�in μmð Þ

Void fraction¼ ε¼ 0:75

Length of inlet distributor¼ ldist�in ¼ 0:5∗wch mmð Þ

Volume of inlet distributor¼Vdist�in ¼ ε∗ldist�in∗wbaf ∗hbaf μLð Þ
The distributors are not straight channels; therefore, there is a dependence of velocity

on length. The following equations were derived from the Ergun equation for a right

triangular entrance:

A¼ 150∗Qch∗ 1� εð Þ2∗μ
ε3∗w2

baf ∗hbaf
mg= μms2

� �� �
(13)

B¼ 1:75∗Q2
ch∗ 1� εð Þ∗ρ

ε3∗wbaf ∗h2baf
mg=s2
� �

(14)

The pressure drop through the inlet distributors was then calculated using.

ΔPdist�in ¼A∗ ln
ldist�in +wdist�in

wdist�in

� �
�B∗

1

ldist�in +wdist�in
� 1

wdist�in

� �
Pað Þ (15)

The chamber outlet distributors do not have baffles or cells and are shorter, isosceles

(30°/30°/120°) triangles with a trimmed top. To calculate the pressure drop through

the outlet distributors, the Darcy-Weisbach equation was used. The width of the

channels connecting the chip inlet, chambers, and outlet remains constant, so the

width of the channel leaving the distributor is the same as the inlet channel width

(wdis�in ¼ wdis�out). The width of the distributor changes over the distance from

the chamber holding cells to the outlet channel, however, meaning that the hydraulic

diameter changes with length. The pressure drop can be calculated by first defining

the width of the exit channels and then by determining the length of the distributor

using trigonometric definitions. Note that the length is corrected for the trimmed top

of the isosceles triangle in Eq. (17):

Width of the exit channel¼wdist�out ¼wdist�in
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Length of outlet distributor¼ lout ¼
wch

2

tan
π

3

� � (16)

Correcting for the trimmed triangle top:

Corrected length of outlet distributor¼ ldist�out ¼ lout�
wdist�out

2

tan
π

3

� � (17)

Volume of outlet distributor¼wch∗hch∗ldist�out

2
μLð Þ (18)

The pressure drop across the outlet distributor with a changing hydraulic diameter

can be estimated by simplifying the Darcy-Weisbach equation and integrating the

hydraulic diameter over the length of the outlet distributor. After plugging in for

the friction factor and Reynolds number, this equation simplifies to

ΔPdist�out ¼ 32∗μ∗ldist�out∗Qch

ðldist�out

0

A∗D2
H

� �
dx

Pað Þ (19)

The total pressure drop across the chambers is the sum of the pressure drop across the

chambers, inlet distributor, and outlet distributor:

ΔPch ¼ΔPch +ΔPdist�in +ΔPdist�out (20)

Finally, the pressure drop through the channels or piping has to be determined. The

piping dimensions and flow rates were first defined:

Width of piping¼wp ¼wdist�out ¼wdist�in μmð Þ

Length of piping¼ lp μmð Þ

Height of piping¼ hp μmð Þ

Number of fluidic streams or pathways¼Nstreams

Number of bends 90° turns
� �

in the pathways¼Nbends

Flow rate in piping¼ flow rate in chambers¼Qp ¼Qch μL=minð Þ

Piping average velocity¼ up ¼ Qp

wp∗hp
μm=minð Þ (21)

Piping hydraulic diameter¼DHp ¼ 2∗wp∗hp
wp + hp

μmð Þ (22)
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Piping Reynolds number¼ ρ∗up∗DHp

μ
(23)

Pressure drop in the channels or piping can be calculated using the Darcy-Weisbach

equation (Eq. 12) with the piping average velocity, length, and hydraulic diameter:

ΔPp ¼
f∗ρ∗lp∗u2p
2∗DHp

Pað Þ (24)

Finally, the minor losses or pressure drop due to pipe fittings was calculated. K, the
loss coefficient, is needed for these calculations. K values depend on the pipe diam-

eter and the Reynolds number and, in this example, were set to 0.7 for the 90° square
elbow bends in the channels connecting the inlet, chambers, and outlet [22]. The

pressure drop due to fittings was calculated using [22] the following:

ΔPf ¼
K∗u2p∗ρ

2
∗Nbends Pað Þ (25)

The total pressure drop for each fluidic stream was then determined simultaneously

by adding the pressure drop through the chambers, piping, and fittings because they

are in series:

ΔPStream ¼ΔPch +ΔPp +ΔPf Pað Þ (26)

The pressure drop for fluidic streams should be balanced. Ideally, the value for each

stream should be within 5% or less of the others. Note that in this example, the pres-

sure drop across the fat compartment is calculated like that of a channel, because the

fat chamber is simply a long channel. The pressure drop is very sensitive to the width

of the piping, which can be adjusted to equalize pressure drop for each stream during

the chip design. When the device is fabricated and operated, the pressure drops will

be even, and the flow rates will adjust accordingly. Therefore, if the pressure drop

calculations are inaccurate, the flow rate and residence time in each chamber will not

match the desired values. Experimental measurements of flow rate through each

chamber can be performed with fluorescent beads or by tracking oil/water interface

movement through piping and chambers as described previously [14,23–25]. Other
important parameters that can be calculated once the flow rates, chamber sizes, and

piping dimensions are determined include total volume on the chip, total residence

time on the chip, and total pressure drop, which is calculated by summing the inverse

of each parallel stream:

Total chip volume¼VChip ¼wp∗hp∗lp +wch∗hch∗lch +Vdist�in +Vdist�out μLð Þ (27)

Total chip residence time¼ VChip

QTotal
sð Þ (28)

Total chip pressure drop¼ΔPTotal ¼
XNstreams�1

i¼0

1

1

ΔPstreamsi

Pað Þ (29)
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2.3 FABRICATING TISSUE-ON-A-CHIP AND BODY-ON-A-CHIP DEVICES
One of the first systems of interconnected tissue compartments that was developed to

test the concept of a multiorgan system was realized in 1995. The system was con-

structed with standard-sized glass dilution bottles and commercially available tubing

[26,27]. The bottles were filled with liver tissue and lung tissue from rats, and cell

culture medium was recirculated between them and another bottle that represented

the liquid portion of all other organs that were not represented by a cell culture. The

device was used to investigate whether naphthalene, a known toxicant, was metab-

olized in the liver and whether the resulting metabolite was toxic to lung tissue. That

proof-of-concept system worked as intended and replicated lung toxicity as a result

of naphthalene exposure. But the standard sizes of bottles and tubing made it difficult

to replicate physiological relationships of organ sizes and physiological fluidic flow.

Today, body-on-a-chip developers use 3-D printing or microfabrication to con-

struct their devices. Both methods offer distinct advantages, leading to more phys-

iologically correct mimics of the human body. First, chamber and channel sizes can

be custom designed so that they match physiological relationships better. Tissue

chambers can also be fabricated to be relatively small, so high-quality tissues, as

small as 10,000 cells, from expensive sources can be used. Second, channel sizes

can be fabricated with high precision so that fluidic flow within them is much better

controlled and physiological fluid flow patterns can even be achieved with passive

flow controls.

Microfabrication can also be used to create three-dimensional microscaffolds for

constructing tissues with more physiological microarchitecture. For example, the

3-D structure of the microvilli of the GI tract and the niche-dependent growth of bac-

teria on them have been recreated [28–32]. Using poly(dimethylsiloxane) (PDMS)

membranes, researchers have also microfabricated devices that were capable of

growing lung tissue under the mechanical forces that are so characteristic of lung

tissue in vivo [33,34].

The precise dimensions of microfluidic interconnects enable the design of system

passive fluidic controls. Fluidic flow can be controlled passively through balancing

pressure drops at flow splits and through building channels with varying hydraulic

resistances. Passive flow control allows devices to be operated with gravity to drive

fluidic flow and to eliminate the need for peristaltic pumps or syringe pumps. This in

turn eliminates the need for tubing. Body-on-a-chip systems often operate with an

excess of liquid in order to fill the tubing, and the ability to work without tubing

allows for a decrease in liquid amount needed and with that a more physiological

liquid-to-cell ratio.

Because microfabrication techniques were originally developed for the construc-

tion of transistors on silicon substrates and later for the construction of microelec-

tromechanical systems made from silicon, there are many microfabrication

techniques available for silicon. In particular, the ability to etch silicon to a depth

of 50 or 100 μm relatively fast (in about 25–50 min) led to the first microfabricated

body-on-a-chip devices to be made in silicon [9,14,23–25,35]. Standard
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photolithography techniques were used to define the chip pattern on a 500 μm-thick

silicon wafer, and deep reactive ion etching was used to create the three-dimensional

chamber and the channel network. The devices were closed with polycarbonate lids

that were tightly screwed onto their top side, using a polycarbonate platform under-

neath. During the following years, fabrication methods that made use of other mate-

rials such as PDMS [33,36–38] and 3-D printed polymers [39] were developed. Both

PDMS fabrication and 3-D printing are techniques that are inexpensive and allow for

rapid prototyping. Three-dimensional printing also allows for building complex 3-D

structures that might not be possible with other fabrication techniques.

When choosing a microfabrication technique for the construction of body-on-

a-chip systems (and with that the material the devices will consist of ), it is important

to consider the impact the building material has on the performance of the device.

Silicon devices are biocompatible but need to be coated with extracellular matrix

in order to retain cells within the tissue chambers. Devices made from PDMS are

also biocompatible but have the disadvantages that they can only be used with a lim-

ited number of drugs. The material is known to adsorb hydrophobic drugs and metab-

olites, making toxicity data obtained with those devices unreliable. A similar concern

exists for silicone tubing [40]. Because drug concentrations directly affect toxicity,

devices are preferably made without silicone components. Materials that are used for

3-D printing can be incompatible with cell culture if they are not fully cured. Com-

ponents can seep from the device’s surface and into the cell culture medium. One

way to remedy that problem is to coat the devices with a layer of parylene C. Parylene

C can also significantly reduce drug and metabolite absorption into PDMS.

When constructing body-on-a-chip devices, it is important to consider the mate-

rial they are made of. It is becoming clear that easy to work with materials like PDMS

and silicone gaskets can absorb hydrophobic drugs or metabolites. This is unfortu-

nate, because such materials are excellent for sealing tissue chambers and prevent

leaking. However, to obtain accurate results, it is important to consider drug-material

interactions and avoid unnecessary complications.

When barrier tissues such as the lung, GI tract epithelium, or kidney epithelium

are part of the body-on-a-chip device, the device must also contain a porous mem-

brane so that drug transport across those tissues can take place. This membrane must

be accessible from both sides. A large selection of membranes made from polymers

is available commercially. There are also some microfabricated membranes that can

be used such as SU-8 membranes [29], silicon nitride membranes [41], and stretch-

able PDMS membranes [42]. Those membranes have the advantage of being trans-

parent, having a high porosity, and being ultrathin.

2.4 MEASURING TISSUE RESPONSES WITHIN BODY-ON-A-CHIP
PLATFORMS
On-chip integrated sensors are key tomaking body-on-a-chip platformsuseful beyond

proof-of-concept experiments. Ultimately, the responses of tissues to drugs need to

be measured over a period of several hours, days, or even weeks. Early devices
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have simply measured cell survival after a drug exposure. Medium samples taken

from the devices can also provide data about the rate ofmetabolismof cells. For exam-

ple, liver tissue metabolism can be assessed by collecting medium samples and deter-

mining the albumin and urea content in them. Liver tissue enzymes (such as CYP450

enzymes) can also be probed for their activity by supplying substrates and measuring

the amount of converted substrate in the cell culture medium recovered from the

system. But to obtain more detailed information, sensors that measure how well

the cells are functioning over the course of a drug exposure are needed.

On-chip sensors can be categorized as electric, optical, and mechanical. Optical

imaging tools, such as fluorescent dyes, exist for a large number of applications and

can be utilized with body-on-a-chip systems as well [43]. If the system has a glass

cover or a nonautofluorescent plastic cover such as one made from polystyrene, then

fluorescent dyes can be used to image the tissues within. Integrated optical wave-

guides can eliminate the need for the use of a microscope and will ultimately allow

for the building of more advanced systems [44]. Ultrasensitive CMOS cameras can

detect even single molecules, but have not yet been integrated into complex body-on-

a-chip systems [45].

Electric sensors are perhaps the easiest to integrate into body-on-a-chip systems.

They can be fabricated on an insulating substrate, such as glass, or on top of an insu-

lating layer of silicon nitride, silicon dioxide, or polymer. Their shape can be defined

via lithography techniques, and metal layers are either evaporated or sputtered on top

of the electrode pattern. Such electrodes typically consist of a thin metal layer

(chrome or titanium, 2–5 nm thick) that promotes adhesion of a thicker gold or plat-

inum layer that forms the actual electrode (150–200 nm). Microelectrode arrays

(MEAs) consist of an assembly of such electrodes and have been used to record

the electric properties of cardiomyocytes that were exposed to different conditions

[46–48] and to assess neurotoxicity [49].

Another electrode system that can be integrated into body-on-a-chip devices are

four electrode systems with two electrodes located on each side of a membrane.

Those systems are capable of measuring the resistance across an endothelial or epi-

thelial tissue layer [50]. This technique is often used to assess the interruption a drug

causes to the barrier function of tissues such as the GI tract epithelium or the blood-

brain barrier. Results from such custom-designed electrodes can, however, not be

readily compared with those obtained with commercial systems since the electric

field produced by the custom shapes (and distances) of the electrodes can be quite

different from those of commercial electrodes. The placement of the electrode with

regard to the barrier tissue through which the electric current passes influences the

measured electric resistance. For that reason, any custom-made systems need to be

calibrated in order to make the results obtained with them meaningful [50].

Mechanical sensors such as round oscillators and cantilevers can measure the

mechanical properties of cells. Those sensors are most sensitive in an environment

where their oscillation is not dampened by liquid (i.e., under vacuum), but recently,

researchers have also used them to measure the contractile forces of live cells

[51–53]. Another way to measure contractile forces is to use a pillar array made
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of stretchable material [54] or growth surfaces that can be deformed by cells. In gen-

eral, a wide variety of sensors exists, but few have been integrated with multiorgan

body-on-a-chip platforms.

2.5 OPERATING BODY-ON-A-CHIP DEVICES
Body-on-a-chip devices have been operated anywhere from 24 h to several weeks.

The operating time depends on the question that is asked. To determine whether a

drug is acutely toxic, it might be sufficient to operate the device for a few hours.

During short run times, it is possible that cells produce waste at a rate that does

not interfere with the toxicity assay [25]. However, to determine whether a drug

has chronic exposure effects on tissues, the exposure has to be conducted over sev-

eral weeks [39], and a mechanism for waste removal has to be devised. The easiest

method to remove cell waste is simply to replace part of the cell culture medium with

fresh medium. Replacing significant amounts of medium within the system, how-

ever, will also affect drug and metabolite concentrations. That dilution effect must

be taken into account when evaluating data obtained with the system.

The most challenging part of operating body-on-a-chip devices can be the placing

of different tissues into the different cell culture chambers. A strategy that has

worked well is to create temporary barriers on the open chip and seed the cells of

different tissues into the chambers. After 24 h, all cells will be attached to the surface

of the chip, and the chip can be closed with its cover. This strategy works well when

working with cell lines and 2-D tissues.

A strategy that works better for highly specialized and for 3-D tissues is to

create a modular device, where the tissues can grow in their own cell culture

medium, separate from each other [39]. Once mature, the separate modules can

be combined to build the larger system and to conduct toxicity experiments. Xu

et al. have developed yet another approach, where cells are mixed with a

UV-sensitive polymer that is pumped through the chip and only polymerized in

the cell culture chamber that is appropriate for each cell type [55]. A strategy that

requires more complex on-chip components would be to integrate separate chan-

nels and valves that lead up to each of the cell culture chambers and can be used to

fill the chambers with cells.

A challenge related to placing tissues onto the platform is the formation of air

bubbles and, after closing the devices, leaking of cell culture medium. Both air bub-

ble formation and leaking would alter fluidic flow and drug exposure to each of the

tissues and ultimately invalidate the experiment. While leaking can be prevented by

engineering a well-thought-out closing mechanism for the devices, the formation of

air bubbles is not easy to prevent. To keep air bubbles from traveling throughout the

system and damaging tissues, Sung et al. have developed a bubble trap that captures

air bubbles [56]. We have also found that operating devices with gravity-driven flow

reduce the risk of leaking and air bubble formation. Several devices have been devel-

oped for use with gravity [39,52,57].

3372 A primer on body-on-a-chip systems



3 MIMICKING THE METABOLISM OF THE HUMAN BODY:
EXAMPLES OF PROOF-OF-CONCEPT STUDIES
3.1 DEVELOPMENT OF CELL CULTURE ANALOGS (CCAs)
As mentioned in Section 2.3, the first three-component cell culture analog (CCA)

was developed in 1995 by Sweeney et al. to study the toxicology of naphthalene

[26]. The concept of a CCA was to combine several bioreactors containing different

mammalian cell cultures to represent the organs and tissues in an animal. Recirculat-

ing culture medium pumped through the bioreactors represented the circulatory sys-

tem, and all bioreactor dimensions and corresponding culture medium flow rates

were scaled down from the actual organ or tissue sizes and blood flows in vivo.

The resulting system was a replicate of the corresponding (PBPK) model of the ani-

mal with the ability to experimentally study the dynamics of dose exposure, includ-

ing metabolite exchange between tissues. The ability to experimentally study the

dosing conditions of compounds and the inclusion of metabolite exchange between

tissues is an advantage over standard in vitro culture techniques. Unlike standard,

single-cell-type, 2-D in vitro systems, a CCA can mimic the dynamics of dose expo-

sure. Because any cell type may be used, the CCA devices can be designed to mimic

key target organs from mice, rats, dogs, or humans, by selecting representative cell

lines and designing corresponding culture vessels.

The first CCA system was constructed using milk dilution bottles as culture ves-

sels, with tubing connecting each bottle and peristaltic pump providing recirculating

flow [26]. The CCA was used to mimic rat naphthalene exposure. Naphthalene is

only moderately toxic in its native form but can induce lung tissue damage after

becoming activated by metabolism in the liver. The initial CCA contained a liver

and lung compartment modeled by monolayers of H4IIE, a rat liver hepatoma cell

line, and L2, a rat lung cell line. A bottle without cells modeled the remainder of the

rat’s organs and tissues and acted as a nonmetabolizing body of distribution. No cells

were needed in the “other tissue” compartment because the liver and lung are the

organs most affected by naphthalene and its metabolites. The H4IIE cells have cyto-

chrome P4501A1 (CYP1A1), epoxide hydrolase, and glutathione-S-transferase

activity, which are needed for the metabolism of naphthalene to the epoxide form,

conversion to dihydrodiol, and conjugation with glutathione, respectively. L2 cells

do not express the enzymes needed for naphthalene activation.

Experiments with this first CCA [26] showed that naphthalene induced lung cell

toxicity (lactate dehydrogenase or LDH release and glutathione or GSH depletion)

after naphthalene was metabolized by liver cells and reactive metabolites circulated

to the lung compartment. Increasing CYP1A1 activity by increasing the number of

liver cells or increasing CYP1A1 activity also increased the toxicity to the lung cells.

In experiments with no liver cells present, there was no toxicity observed in the lung

cells. There were several drawbacks to this system, however, including nonphysio-

logical fluid-to-tissue ratios and organ residence times and a design that was com-

plicated to operate and did not allow for straightforward time-course studies.
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A revised CCA was constructed by Ghanem and Shuler to address some of the

concerns with the prototype CCA [27]. The modified system used a packed-bed

design, where H4IIE and L2 rat cells were cultured on microcarrier beads within

the milk dilution bottles. The addition of microcarrier beads increased the fluid-

to-tissue ratio and allowed for time-course sampling of cells during experiments

via periodic bead removal with a sterile syringe. Liquid residence times within

the organ compartments were improved in this system but were still longer than

physiological residence times due to the limited flow through the packed beds.

Unlike the prototype system, no response to naphthalene was observed. In the pro-

totype system by Sweeney et al. [26], a long liquid residence times in the liver com-

partment allowed for the formation of a relatively large amount of toxic naphthalene

metabolites, while in the packed-bed system, shorter liver liquid residence times

resulted in negligible toxic metabolite formation. This difference in naphthalene

response between the initial monolayer CCA and packed-bed CCA designs was

explained with PBPK models of each CCA [58], demonstrating how a PBPK model

can provide a mechanistic basis for understanding differences in CCA response due

to different experimental configurations.

The CCA concept was revised with the design of a three-compartment (liver-

lung-other tissue) micro cell culture analog (μCCA) [14]. The μCCA was microfab-

ricated from silicon with tools from the semiconductor industry. The μCCA devices

allow for near in vivo residence times and fluid-to-tissue volume ratios, are relatively

high throughput and inexpensive to fabricate, have a low volume that conserves

reagents and cells, and facilitate automated collection and processing of data. The

first μCCA device used the same H4IIE and L2 cell lines of the previous CCA sys-

tems, but the chip was 2.5 � 2.5 cm in dimension and enclosed by a plastic housing.

Cells were attached to the culture chambers with a combination of poly-D-lysine and

Matrigel (for H4IIE) or fibronectin (for L2). Additionally, an integrated oxygen sen-

sor was incorporated into the chip. This sensor used a ruthenium dye immobilized in

a resin as a UV-sensitive indicator of dissolved oxygen content, which demonstrates

the potential to build real-time sensors into a device.

Building on the first μCCA design, a second μCCAwas designed that was similar

to the first design but divided the other tissue compartment into well-perfused and

slowly perfused chambers or lung-liver-other tissues-fat compartments [23]. The

liver cell line H4IIE was replaced with a human hepatoma line HepG2/C3A due

to increased CYP activity. Naphthalene was again used to test the system and was

shown to cause a significant decrease in lung and liver cell GSH after 6 h of expo-

sure. When no liver cells were present, there was no GSH depletion in the lung cells,

again indicating that naphthalene biotransformation by the liver cells produces a

metabolite that is toxic to the lung cells. Further experiments in this μCCA identified

the reactive metabolites to be 1,2-naphthalenediol and 1,2-naphthoquinone. This dis-

covery showed the utility of the μCCA system in investigating toxicity mechanisms.

To further elucidate naphthalene toxicity, Viravaidya and Shuler used a μCCA to

investigate the role of bioaccumulation or the storage of compounds within fat tissue

on the response of the μCCA system to naphthalene compounds [59]. The rat
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preadipocyte cell line 3T3-L1 was used to model fat within the fat chamber due to the

ability to attach this cell line to the silicon surface. Experiments with naphthalene and

1,2-naphthoquinone showed that sequestering of naphtha compounds by the fat cells

reduced GSH depletion in both liver and lung cells when compared with a system

with no fat cells. This illustrates the utility of this μCCA system to explore the impact

of dosing dynamics on toxicity.

3.2 μCCA-BASED BODY-ON-A-CHIP SYSTEMS FOR TOXICITY TESTING
Later studies with multicell-type, microfabricated μCCAs further demonstrated the

value of μCCA devices coupled with PBPK models for drug testing. Sung and

Shuler [25] used a 3-D μCCA device with liver and colon cells encapsulated in

Matrigel to determine the cytotoxic effects of Tegafur. Tegafur is a cancer drug

that is metabolized by the liver to 5-fluorouracil (5-FU), which acts as a chemo-

therapeutic agent for colon cancer. In μCCA devices without liver cells, Tegafur

was ineffective against colon cancer cells (HCT-116). When HepG2/C3A liver

cells were added to the liver compartment, Tegafur was converted to 5-FU by

CYP450 enzymes, and the 5-FU had significant toxic effects on HCT-116 colon

cancer cells. Tegafur activity against HCT-116 colon cancer cells was not observed

in well plate experiments with only colon cancer cells, and the results observed

in this μCCA study were only previously seen in animal experiments or clinical

studies involving humans.

Another μCCA system developed by Sung and Shuler contained liver cells, colon

cancer cells, and myeloblasts that were subjected to 5-fluorouracil (5-FU, an antican-

cer drug) plus uracil [35]. Experiments with the μCCA device used concentrations

similar to human clinical doses. Uracil is a natural substrate for the enzyme that

metabolizes 5-FU, and uracil is often administered clinically in combination with

5-FU to improve 5-FU effects [60]. In this study, the PBPK model predicted a dif-

ferential cell response to 5-FU, with liver cells that were more resistant and myelo-

blasts more sensitive, and the μCCA experiments demonstrated that a combination of

5-FU and uracil enhanced cytotoxic effects compared with 5-FU alone. These results

are consistent with human response to the drugs.

Tatosian and Shuler [24] showed that μCCAs could be used to study the syner-

gistic effects of cancer drugs and to test whether a combination of drugs could

replace a single drug that is known to have strong side effects. The μCCA device

used for this study was designed to include two uterine cancer compartments with

the cell line MES-SA and its multidrug resistant (MDR) variant MES-SA/DX-5, a

liver compartment that contained HepG2/C3A for drug metabolism, a bone marrow

compartment containing the megakaryoblast cell line MEG-01 to represent a tissue

highly susceptible to the effects of chemotherapy, and other tissue compartment.

Experiments were conducted with the chemotherapeutic doxorubicin and two multi-

drug resistance (MDR) suppressors, cyclosporine and nicardipine. When the μCCA
was “treated” with doxorubicin and either cyclosporine or nicardipine, the prolifer-

ation of the MDR uterine cancer cells was reduced when compared with
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doxorubicin-only treatment. More importantly, a combination of nicardipine and

cyclosporine decreasedMDR cell growth rate more effectively than a higher concen-

tration of either MDR modulator alone. This synergistic interaction between the two

modulators was not observed in multiwell plate assays.

Mahler et al. developed a μCCA system that was capable of mimicking the oral

uptake and first-pass metabolism of drugs and drug carriers in humans [9]. First-pass

metabolism occurs when drug is absorbed by the GI tract and passes via the portal

vein to the liver where the drug is metabolized. A result of first-pass metabolism is

that the concentration of a drug is greatly reduced before it reaches systemic circu-

lation. The results of first-pass metabolism include low drug bioavailability in the

systemic circulation and potentially toxic effects on the liver and GI tract tissues.

The μCCA was designed with three compartments (GI-liver-other tissues) with a

Caco-2/HT29-MTX coculture representing the intestine and HepG2/C3A represent-

ing the liver. This system successfully simulated the absorption and metabolism of

acetaminophen. Both epithelial cells and liver cells metabolized acetaminophen to

toxic metabolites via CYP450 enzymes, resulting in a dose-dependent decrease in

liver cell viability that correlated well with previously published acetaminophen

liver injury studies in mice.

The same GI-liver-other tissues μCCA was used to simulate the oral uptake of

50 nm carboxylated polystyrene nanoparticles [13]. The use of nanoparticles in med-

ical applications is highly anticipated, but little is known about how they will affect

human tissues. Polystyrene nanoparticles were administered at physiologically real-

istic doses, and the transport of nanoparticles across the Caco-2/HT29-MTX cocul-

ture, which mimics nanoparticle ingestion, showed that most nanoparticles that

reached the systemic circulation were single nanoparticles and small aggregates.

After crossing the GI tract epithelium, nanoparticles induced the release of aspartate

aminotransferase (AST), a liver enzyme that indicates liver cell injury. Using the GI

tract-liver-other tissue allowed for the observation of compounding effects and the

detection of liver tissue injury at lower nanoparticle concentrations than expected

from experiments with liver tissue only. These results show that body-on-a-chip

devices are highly relevant in vitro models for evaluating nanoscale particle and

drug-carrier interactions with human tissues.

Most body-on-a-chip systems require an external pump to drive fluid flow

through the device. The pump adds additional cost, limits the number of devices that

can be run at one time, complicates operation, requires polymeric tubing that can

adsorb materials, can result in bubble formation or entrapment, and generally pro-

vides shear stress rates that are higher than those experienced by organs and tissues

in the body, that is,<0.2 N/m2 (2 dyn/cm2) [35,57]. Sung et al. [35] first developed a

multilayer, 3-D μCCA design, which housed cells cultured within hydrogels and

operated with pumpless gravity-induced flow to test the toxicity of the anticancer

drug, 5-FU. Each cell type mimicking a tissue (liver-tumor tissue-marrow) exhibited

differential responses to 5-FU, the cellular responses in the microfluidic environment

were different from those in the static environment, and the response was similar to

what was anticipated from animal studies.

3413 Body-on-a-chip systems



Miller and Shuler [57] next developed a pumpless, 14 compartment body-on-

a-chip system. The design is for 13 organs using 14 chambers, with 2 chambers used

for the skin. A barrier layer containing skin, GI, and lung epithelial cells is directly

exposed to compounds of interest, and the barrier tissue layer separates chambers

containing nonbarrier tissue cultures seeded into 3-D hydrogels, including the fat,

kidney, heart, adrenal glands, liver, spleen, pancreas, bone marrow, brain, and mus-

cle. Gravity was used to drive physiologically realistic flow through the channels by

placing the device on a rocker platform. Preliminary experiments with the device

showed that five different cell lines had high viability and retained cell type-specific

function for 7 days in the fluidic device.

Finally, Oleaga et al. have developed a four-organ body-on-a-chip system with

pumpless recirculation of a serum-free medium to test the response of the human

cardiac, liver, skeletal muscle, and neuronal cultures to five different drugs for at

least 14 days [52]. These cell types were chosen to provide insight into important

metabolic and functional changes in human tissues in response to challenge with

compounds with well-defined toxicological properties. The compounds studied were

doxorubicin, a chemotherapy drug; atorvastatin, a cholesterol lowering medication;

valproic acid, a treatment for epilepsy and bipolar disorder; acetaminophen, a pain

reliever and fever reducer; and a control compound,N-acetyl-m-aminophenol, which

is a nontoxic isomer of acetaminophen. The toxicity trials were initiated after 5 days

of culture under flow in the pumpless system and lasted for 48 h. Comparison of

results within the multiorgan device with human clinical data or other data from

the literature shows agreement between the in vitro platform and clinical observa-

tions on humans. This provides initial validation of the microphysiological system

as a model for accurately predicting multiorgan toxicity in humans and indicates that

the in vitro system is a viable tool to study organ-to-organ communication, drug tox-

icity, drug-drug interactions, and novel drug compound effects in humans for predic-

tive purposes in acute or chronic studies.

3.3 OTHER MULTIORGAN CULTURE SYSTEMS
Development of body-on-a-chip systems is a very active area of research, and a num-

ber of recent reviews have summarized progress in the area [7,61,62]. Several proof-

of-concept studies have shown that metabolites formed in one organ compartment

can indeed travel to other organ compartments and affect the tissues there. In

2013, Choucha-Snouber et al. published their results from a study that included

two organs (the liver and kidney) within one microfluidic body-on-a-chip system

[37]. They exposed the system to a cancer prodrug (ifosfamide) to see if the neph-

rotoxic metabolite formed in the liver will affect the kidney tissue in the kidney com-

partment. Without liver cells, no toxicity was observed, but when HepaRG liver cells

were present in the system, the number of kidney cells was reduced because of tox-

icity. This effect was not seen, however, with HepG2/C3A liver cells, and one of the

conclusions of the study was that HepG2/C3A liver cells lack the capacity for trans-

forming ifosfamide into a nephrotoxic metabolite.

In 2017, Bauer et al. published a device that contained liver spheroids in one tis-

sue compartment and pancreatic islets in another [63]. When glucose was added to
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the system that was operated with insulin-free medium, the pancreatic islets pro-

duced insulin, which in turn increased glucose consumption in the liver. As the glu-

cose concentration fell as a result of consumption in the liver, the insulin production

in the islets decreased as well. This feedback loop between the tissues mimics their

function inside the human body and can be used to study diseases like type 2 diabetes.

Two recent studies have tackled the challenge of including more organ compart-

ments into a single body-on-a-chip system [52]. Maschmeyer et al. have developed a

four-organ chip that combined skin, intestine, liver, and kidney tissues [64]. The

device was operated for 28 days with cellular waste being removed through the kid-

ney tissue. Similarly, Oleaga et al. have developed a system with the liver, cardiac

cell, muscle cells, and neurons and operated it in a pumpless device for 14 days [52].

Both studies proved that multiple tissues can function well within one system using a

common cell culture medium.

4 WHAT IS THE FUTURE OF BODY-ON-A-CHIP SYSTEMS?
4.1 POTENTIAL
Body-on-a-chip devices have the potential to aid in the drug discovery process in many

ways. If designed with human physiology in mind, the devices will mimic drug human

metabolism when challenged with a drug. Results obtained with the devices may even

predict what will happen in the human body better than current animal models. The

devices also offer experimental capabilities that cannot be achieved with animal

models. For example, a device could be operated without a particular organ to see

how that organ influences the metabolism of a drug. An organ could also be made big-

ger on the device than it is in the human body to probe how the drug metabolism

changes. Results obtainedwith such unnatural systems could give us information about

what the pathway of a drug is and where toxic metabolites originate.

The devices are also very well suited to be used with tissues that represent a par-

ticular population. It could be used with breast tissue with and without mutation in

the BRCA genes to see how different those two populations would respond to a drug.

One can also imagine that devices are constructed for men, women, or children of

different ages. This would lead to a path out of the bias created by using mostly male

animals in preclinical trials [65]. Devices could also be operated with biopsy samples

from a particular patient or a patient’s tissues derived from iPS cells. Vunjak-

Novakovic et al. have demonstrated a two-organ device (liver and cardiac tissues)

with associated microvascular cells that has accomplished this [66]. Devices like that

can lead the path into personalized medicine.

4.2 NEEDS
In order to realize that potential, however, many unaddressed issues need to be

resolved. First, body-on-a-chip platforms need to be designed to mimic human phys-

iology rather accurately. There are several tools available for developing platform

design criteria. Simplified PBPK models can guide the design as described above,

and the devices can be tested for the mathematically predicted outcome.
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A thorough validation of design criteria could begin with the development of sim-

plified PBPK models for animals, the building and testing of the related animal-

on-a-chip devices, and the appropriate animal experiments. Comparing the results

from all three approaches will give us information about how well the animal-on-

a-chip device performed and how data from such devices could be used to develop

devices that mimic the human body well.

While organ size ratios and human fluid residence times have been achieved, the

more difficult issue of reaching a physiological liquid-to-cell ratio is still a challenge.

Currently, body-on-a-chip devices contain liquid-to-cell ratios that are from 10- to

100-fold the physiological value. Too much liquid within the devices will dilute drug

and metabolites and skew toxicity measurements. On the other hand, too little liquid

would challenge the cell survival and the availability of enough liquid for measure-

ments and analyses.

Tissues in vivo are three-dimensional, and 3-D cell culture can improve the cell

differentiation and/or function when compared with 2-D culture [29]. Natural and

synthetic hydrogels have been used in body- and organ-on-a-chip models. Three-

dimensional cell culture within microfluidic devices has been achieved with natural

hydrogels including collagen, gelatin, alginate, and agarose, while synthetic hydro-

gels used in microfluidics include polyethylene glycol and poly(lactic-co-glycolic

acid) [7]. A 3-D cell culture not only canmore closely mimic the in vivo environment

by recreating cell-cell and cell-extracellular matrix interactions but also may result in

unwanted adsorption or limited nutrient, oxygen, or waste transfer.

Further, in order to mimic the human body well, primary cells and stem-cell-

derived cells should be used to construct the tissues that are placed into the device.

Such cells would mimic human tissues better than would immortalized cell lines.

However, a challenge that arises from the use of those cells is to find a common cell

culture medium that satisfies the requirements of all the cells present in the system.

4.3 IN VITRO TO IN VIVO EXTRAPOLATION (IVIVE)
Data obtained with body-on-a-chip devices can be extrapolated to the human body,

to predict drug efficacy and toxicity in humans. The closer the system mimics the

conditions inside the human body, the more authentic will be the metabolic system

created within, and the easier it becomes to make predictions based on the data

obtained with the system. Ideally, if the conditions are exactly like they are inside

the body, then metabolite concentrations within the system would be the same as

in vivo. However, that is difficult to achieve, andmathematical adjustments will need

to be made in the human PBPKmodel that is used to predict the outcome for patients.

The following conditions need to be accounted for:

(1) The cell density inside the body is much higher than it is in most in vitro tissues,

and as a result, it is difficult to replicate physiological liquid-to-cell ratios

inside body-on-a-chip devices. The human body contains about 4–6 L of blood

[67]. If organ compartments represent tissue slices that are 1/100,000 of the
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corresponding organ in the human body, then the amount of blood surrogate

within the system should be between 40 and 60 μL. In addition to blood, the

body contains interstitial fluid. Partitioning of compounds from blood into that

fluid can be rapid and can dilute drugs and drug metabolites. Such interstitial

fluid volumes also need to be added to body-on-chip devices. When developing

body-on-a-chip systems, care must be taken to design them so that the liquid-

to-cell ratio is physiological. If that is not the case, toxicity in the device might

be skewed toward less toxic observations than what should be the case in

patients. That needs to be taken into account when evaluating data from body-

on-a-chip devices.

(2) Cells do not function at the same level outside the body as they do inside,

because many of the biochemical and biophysical cues that play a role in their

functioning are lost when the cells are harvested. Enzyme activities decline as

soon as the cells are removed from the body. Cocultures with multiple cell

types can alleviate the decline in functionality. However, cells are not likely to

reach the exact same level of performance as inside the body.

Devices that achieve high cell density with 3-D tissues and low liquid-to-cell ratios

and that utilize primary cells or stem-cell-derived tissues will give results that will

predict best what will happen in the human body.

4.4 COMMERCIALIZATION
The devices not only need to work well but also need to be adopted by drug devel-

opers. That would be easiest if the devices are inexpensive, easy to operate, and reli-

able. The aforementioned problems with leaking of cell culture medium and air

bubble formation need to be solved in order to make the devices more reliable.

Recently, pumpless systems that are suitable for massive parallelization have been

demonstrated [35,39,52,57]. Some of the systemsmove the cell culture medium back

and forth through the device, and others have built-in mechanisms that recirculate the

medium in one direction. This becomes particularly important once the systems con-

tain endothelial cells that are sensitive to the direction of shear [39]. Simple, pump-

less single-organ systems have already been commercialized [68–70]. The

commercialization of organ-on-a-chip platforms has been summarized by Zhang

and Radisic [71]. Criteria could include the system’s liquid-to-cell ratio and liquid

residence times within a defined tissue volume, tissue sources, or enzyme activity.

5 CONCLUSIONS
Collecting accurate efficacy and toxicity data on compounds early enough to direct

resources to the best drug candidates has both economic and ethical value. Body-on-

a-chip devices, particularly when used in conjunction with the corresponding PBPK,

offer the possibility of making more realistic models that can act as surrogates for
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animals and humans in toxicity testing. Although there are still significant challenges

that remain in the field, continued research into body-on-a-chip development, char-

acterization, and validation has the potential for providing breakthroughs in drug dis-

covery, disease modeling, and our fundamental understanding of organ and tissue

interactions.

DISCLAIMER
Commercial equipment, instruments, or materials are identified in this paper in order

to specify the experimental procedure adequately. Such identification is not intended

to imply recommendation or endorsement by the National Institute of Standards and

Technology nor is it intended to imply that the materials or equipment identified is

necessarily the best available for the purpose.
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