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Microphysiological systems composed of human organoids
in microfluidic devices: advances and challenges

Sistemas microfisiolégicos compostos por organoides humanos em
dispositivos microfluidicos: avancos e desafios

ABSTRACT

Talita Miguel Marin* Introduction: Models with higher predictive capacity and able to produce results at lower
costs and in shorter times are needed for drug development. The microphysiological systems
(MPS) that cultivate human tissues in three-dimensional histoarchitecture (3D) are promising
alternatives for these objectives. Objective: This review work aims to address the state of
the art of SMF development and illustrate the initial Brazilian experience with this technology.
Method: The research and data collection covering the theme “Microphysiological Systems”,
and the subtopics “Microfluidic Devices” and “3D Culture of Human Cells”, was based on
electronic search in Capes Journals Portal, scientific databases Scopus, PubMed and Science
Direct and with the Google Scholar search tool. Results: Among the existing microphysiological
systems, those that are characterized by the culture of human tissues organized in three -
dimensional histoarchitecture in microfluidic devices were recently introduced, as being the
most promising ones. In addition, between the years 2000-2017, we recorded approximately
increases of 12, 985 and 380 times in the number of academic publications related to the
areas of Microfluidics, Organ-on-a-Chip and MPS respectively, illustrating the impact of
this technology today. Conclusions: This relatively recent technology has high potential to
overcome the limitations of current in vitro experimental models

Eduardo Pagani

KEYWORDS: Human-on-a-Chip; Organoids; Disease-on-a-chip; iPSC; Microphysiological
Systems

RESUMO

Introdugdo: Modelos com maior capacidade preditiva e que produzam resultados a custos mais
baixos e em prazos menores sao necessarios para o desenvolvimento de farmacos. Os sistemas
microfisiologicos (SMF) que cultivam tecidos humanos em histoarquitetura tridimensional (3D)
apresentam-se como alternativas promissoras para esses objetivos. Objetivo: Este trabalho de
revisao tem por objetivo abordar o estado da arte mundial do desenvolvimento dos SMF e ilustrar
a experiéncia brasileira inicial com essa tecnologia. Métodos: A pesquisa e coleta de dados
abrangendo a tematica “Sistemas Microfisiologicos”, e os subtemas “Dispositivos Microfluidicos”
e “Cultura 3D de Células Humanas”, foi baseada em busca eletrénica no Portal de Periodicos
Capes, nas bases de dados cientificas Scopus, PubMed e Science Direct e utilizando a ferramenta
de busca Google Scholar. Resultados: Dentre os sistemas microfisioldgicos existentes, os
que sdo caracterizados pelo cultivo de tecidos humanos organizados em histoarquitetura
tridimensional em dispositivos microfluidicos foram recentemente introduzidos, como
sendo os mais promissores. Além disso, entre os anos 2000-2017, registramos aumentos de
aproximadamente 12, 985 e 380 vezes no nimero de publicagbes académicas relacionadas as
areas de Microfluidica, Organ-on-a-Chip e SMF respectivamente, ilustrando o impacto dessa
tecnologia atualmente. Conclusées: Essa tecnologia relativamente recente tem alto potencial
* E-mail: talita.marin@lnbio.cnpem.br para superar as limitacdes dos modelos experimentais in vitro atuais.
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INTRODUCTION

Preclinical tests in medical/biological research and drug devel-
opment often do not accurately predict the responses observed
in humans, which leads to high friction rates'. The US Food and
Drug Administration (FDA) estimates that 92% of the medicines
approved in animal testing fail in humans. Animal models provide
access to systemic physiology, including distribution and metab-
olism in various tissues, immune system response, influence of
microenvironments and organ-organ barriers and interactions,
as well as behavioral responses. However, it has already been
shown that the phylogenetic distance between humans and ani-
mals (for example, illustrated by proteomic changes or differ-
ences) decreases their predictive power>34>¢, Therefore, there
is a clear need for better predictive models that can also reduce
the time and cost of developing substances or products in various
industries like pharmaceuticals, foodstuffs, cosmetics, sanitizers
and agricultural products, to name a few.

Almost all of the safety tests required by drug regulatory author-
ities are currently done with animals. The few exceptions are
not enough to comply with the required regulations”®. Some in
silico methods (computer simulations) are already available in
Brazil with the support of the National Network of Alternative
Methods® (RENAMA). These methods are useful for evaluating
viability, but insufficient for the development and registration
of innovative products, requiring experimental in vivo methods
or the development of in vitro alternatives. Microfluidic devices
or chips, which combine human tissues in a three-dimensional
arrangement and stable conditions of homeostasis, may be the
solution to this problem. Most of the times, human cells grown in
two dimensions cannot adequately recap nor cover all functional
aspects of tissues, tissue-tissue interfaces or the dynamics of
human body organs''-'2131415_ Tissues modeled from human cells
in microdevices can improve the predictive accuracy of preclini-
cal efficacy and safety studies of medicines, cosmetics and other
substances or products for human use'" 121316,

The principle of the 3Rs (Replacement, Reduction and Refine-
ment) was developed in 1959 by Russell and Burch'” and pro-
moted the consolidation of alternative methods. The term
“alternative methods” may be defined as approaches having one
or more of the following outcomes: 1) methods that induce the
reduction of the number of experimental animals used in a given
procedure or reduction to the minimum necessary; 2) refinement
of the methodology that culminates in the significant reduction
of the pain or discomfort suffered by the animals; 3) non-animal
methods - full replacement of animals in a particular procedure
or assessment'®.

The increasing ethical and political pressure on the implementa-
tion of actions aimed at replacing the use of experimental ani-
mals led to the adoption in 2009 by the European Union of the
regulatory requirement for the safety assessment of cosmetic
ingredients through tests that do not use animals™. In 2013, the
European Union officially banned the use of animals for cosmetic
development research - ingredients and finished products - mar-
keted in the EU?.
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These actions encouraged the development and adoption of
alternative methods in Brazil and worldwide. Brazilian efforts
and commitment to the promotion, implementation, develop-
ment and validation of alternative methods to the use of animals
led to the creation of RENAMA, in July 2012, by the Ministry of
Science, Technology and Innovation (MCTI). In September 2012,
the MCTI created the Brazilian Center for Validation of Alter-
native Methods (BraCVAM), a partnership between the National
Sanitary Surveillance Agency (Anvisa) and the National Institute
for Quality Control in Health of the Oswaldo Cruz Foundation
(INCQS/Fiocruz). These were the first partnerships in Latin
America to coordinate actions that could lead to the reduction,
refinement or replacement of the use of experimental animals in
Brazil?'. In this sense, in 2015 the National Laboratory of Biosci-
ences (LNBio), one of the three Central Laboratories of RENAMA
(LNBio, National Institute of Metrology, Quality and Technology
[Inmetro] and INCQs) started the Human-on-a-Chip project,
aimed at the implementation and nationalization of technology
based on microphysiological systems (MPS), with prospects of
future developments that can comply with the 3Rs principle.

This review paper addresses the state of the art in the develop-
ment of MPS, with emphasis on those that culture human organ-
oids under microfluidics. It also illustrates the early Brazilian
experience with this technology.

METHOD

The research and data collection that covered the topic of
“Microphysiological Systems”, as well as the subtopics of “Micro-
fluidic Devices” and “3D Culture of Human Cells” (3D = three-di-
mensional), were carried out electronically on the Capes Portal,
the scientific databases of Scopus, PubMed and Science Direct,
with occasional assistance of the Google Scholar search engine.
This paper aimed to critically review and gather the main pieces
of information and updates on the aforementioned topics. The
search and collection covered publications made from 2003 - the
year in which development and studies in the field of tissue and
microfluidic engineering became more robust - until the main
studies recently published in the MPS area. The search also
included the use of keywords or terms like alternative meth-
ods to animal testing in laboratory, predictive power of in vitro
methods for substance tests, Human-on-a-Chip, Body-on-a-Chip,
Organ-on-a Chip, iPSC (Induced Pluripotent Stem Cells), human
organoids, Disease-on-a-Chip, microphysiological systems and
microfluidics. Additionally, this review was complemented with
a brief report aimed at illustrating the experience of LNBio to
date in the development, proficiency and implementation of MPS
technology in Brazil in partnership with the German company
TissUse. The platform is operated by a controller unit coupled
to a vacuum pump and combines a microfluidic channel system
with two tissue culture compartments, each one of the size of
the well of 96-well plates (liver) or 24-well plates (intestines),
as shown in Figure 1. The constructive model of the TissUse
2-0C microfluidic device (Two-Organ-Chip) has two distinct

Vigil. sanit. debate 2018;6(2):74-91 | 75



Marin TM & Pagani E  Human microphysiological systems

Connectors of the
peristaltic pump
+  Covers B

v
A ll - =
| ‘ , )
¢ Adapter plate

7 PDMS layer
& (shape of a slide
for microscopy)

T{SSUSE

Emulating Human Biology

Compartment of
tissue culture

Glass slide

External support for
temperature control

On-chip micropump

Microfluidic channels

¥

Il

Tissue compartment

Intestine equivalent
Liver equivalent

A) Schematic drawing of the constructive model of the TissUse microfluidic device. B) View of a 2-OC longitudinal section showing the culture
compartments of intestine and liver equivalents. C) Bottom view of 2-OC with emphasis on the microfluidic channels that interconnect the tissue culture
compartments. D) 2-OC platform installed and in operation at LNBio - Controller unit (peristaltic pump) connected to 2-OC.

Source: Adapted from https://www.tissuse.com/en/products/2-organ-chip/ and Maschmeyer et al. (2015).

Figure 1. Two-Organ-Chip platform by TissUse.

compartments per cell coculture circuit (Figure 1). The 2-0OC
were manufactured by applying standard mild lithography and
molding of polydimethylsiloxane (PDMS) replicates (Sylgard 184,
Dow Corning, Midland, MI, USA). This device consists of a PDMS
slide containing the arrangements of the channels, the micro-
pumps and the openings for the cell culture compartments, per-
manently attached to a glass slide (75 x 25 mm) for microscopy,
by oxidation of low pressure plasma (Femto-Diener Electronic,
Ebhausen, Germany). This permanent bond originates a single
part that has microchannels with a height of 100 mm. The three
on-a-chip peristaltic pumps (built in the PDMS slide) have a
thickness of 500 mm. This microdevice for two organoids (2-OC)
provides two features that improve its functionality: mechanical
coupling and “humoral” communication between tissues?. The
volume to culture two tissues (liver and intestines for example)
is 900 pl per circuit. The total extracellular volume is about 1000
pl per circuit. The micropump provides a stable pulsatile flow of
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the fluid or culture medium. The upper and lower surfaces of the
plates are transparent and allow visualization and morphological
characterization of the organoids in real time. The direction of
the perfusor flow within the chip compartments, as well as the
flow rate, are determined according to type of tissue and exper-
iment. In the case of 2-OC Intestines + Liver, the flow direction
was from the intestines to the liver (emulating the intestinal
absorption and direction of what was absorbed to the liver by
the portal system). The established frequency was 0.8 Hz?.

RESULTS AND DISCUSSION

Human organoids

The emulation of the in vivo histoarchitecture is essential for
obtaining responses of physiological relevance of the in vitro
human organ model. Three-dimensionality and intercellular
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communication are fundamental characteristics for the full
phenotypical and functional expression of most tissues?. No
less important is the contact between different cell types. The
three-dimensional complex microenvironment in which cells
are organized in vivo enables interaction between different cell
types and between cells and the extracellular matrix (ECM)%4252,

Organoids are artificial structures that represent functional
fragments of organs created for in vitro studies and capable of
performing the fundamental in vivo functions of the equivalent
organ?. Its conceptual conception starts from the morphofunc-
tional units of the respective organs. For example, the hepatic
lobes represent the morphofunctional units of the liver, which
has about 1 million lobes. Each lobe contains about 1 million
cells of 20 different types, mainly hepatocytes. The shape of the
lobe is roughly hexagonal with the hepatic vein in the center and
the hepatic triads (portal vein, hepatic artery and bile duct) at
the vertices. A complex network of blood vessels (sinusoid) irri-
gates them?. Similar morphofunctional units can be identified in
every organ of the human body?.

Organoids are usually three-dimensional structures made up of
different cell types organized in a given arrangement (micro-
structure). A very popular type of microstructure is the spheroid.
The spheroidal organoid confection has several beneficial aspects
that make it attractive: these models are easy to produce and
handle, their size and composition can be relatively controlled
(because the cells continue to proliferate after the formation
of the sphere) and they do not require a mold to grow. This lat-
ter feature allows the cells to be arranged spontaneously during
the aggregation process, increasing the chances of presenting an
organotypic phenotype®®3', in addition to the fact that they are
free of the need to adhere to any type of non-physiological sur-
face. Moreover, the possibility of using different cell types in the
same spheroidal organoid enables the appearance of heterotypic
intercellular contacts, imparting additional improvement to the
aspects of tissue functionality and differentiation?*?’,

Other three-dimensional tissue models made in vitro, also very
convenient and widely used, are the barrier organoids, including
the intestinal barrier, renal barrier composed of epithelial cells
of the proximal tubule or by glomerular podocytes, cornea, skin
and blood-brain barrier.

Microfluidic devices

Although there is a great diversity of MPS, most of them are
based on microfluidic devices that try to mimic the cellular envi-
ronment of one or more human organs®2. The term microfluidics
refers to the flow of liquids in channels of micrometric dimen-
sions, i.e. less than 1 mm in at least one dimension33. Microfluidic
devices consist of interconnected microchannel assemblies that
can be divided into two categories: 1) passive microfluidic system
with flow determined by the force of gravity and 2) active micro-
fluidic system with flow determined by the action of a pump that
may or may not be part of a controlling unit. The microchannel
network carved into the chip can be accessed through openings
(inlets and outlets) connecting the interior to the exterior. It is
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through these orifices that the human tissues, substances and
culture medium are integrated or withdrawn from the micro-
fluidic device, with the use of tubes, syringe adapters, pipettes
etc. Also through these openings the chips are connected to
external active systems (pressure control, syringe or peristaltic
pump) or passive forms (e.g. hydrostatic pressure).

When designing an MPS, establishing the flow regime of the
microfluidic device is essential.

The choice of materials for the construction of microfluidic
devices should take into account their possible impact on cell
culture and also the properties of the substances to be tested.
Various materials are currently used, such as: polymer (PDMS),
silicone, ceramics, glass and metals. The construction of each
involves specific processes: electronic deposition, corrosion,
injection molding, embossing and smooth lithography in PDMS.
More complex systems are usually made up of more than one
type of material.

The PDMS polymer is probably the most widely used material for
making the devices, since it is very convenient for cell culture. It
is a transparent, gas permeable, biocompatible, low cost and easy
to handle elastomer. However, the PDMS has the disadvantage of
being able to adsorb and absorb small molecules with hydrophobic
properties’*3>3¢_ a fact that significantly impacts on the accuracy
of predictions involving the use of these substances. Alternatively,
thermoplastic polymers such as polycarbonate (PC), polymethyl-
methacrylate (PMMA) and cyclic olefin copolymer (COC) which do
not adsorb small molecules, can be used?.

Microphysiological systems: Organ-on-a-Chip and Human-on-
a-Chip (Body-on-a-Chip)

The Cellular Microfluidic Platforms or MPS are currently a tech-
nology that is in the development phase and still require signif-
icant progress in bioengineering. The advances made over the
past decade in the creation of in vitro models of microtechnolo-
gy-based biomimetic cultures have fostered a growing worldwide
interest in the development of platforms combining human tis-
sues with microfluidics, giving rise to the Organ-on-a-Chip term.
In this case, the word chip comes from the English language
and refers to a thin, small device (whether or not it contains
electronic elements). Depending on the number of organs and
the development of different cellular microenvironments, the
Human-on-a-Chip or Body-on-a-Chip terms may also be used.
With this technology, researchers expect to mimic in vitro the
functionality of human organs in vivo, in order to better predict
the effects of substances in the human body. The shear stimulus
given by the flow is important for several functional aspects of
the cultured tissues. Therefore, ensuring the physiological and
appropriate flow in each case is critical for the establishment
of MPS.

MPS projects should be focused on the optimization of the pro-
cesses of preparation and culture of human tissues, so that the
action of the microfluidic system or perfusion system provides
mechanical shear stimulation at capillary and interstitial levels
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within physiological parameters. In addition to allowing the
removal of secreted substances or metabolites and allowing
the interaction of cells located in different compartments or
tissues, it promotes the creation of microenvironments with
biomolecular gradients and the presence of controlled shear
stress in vitro®.

There is a great diversity of types of MPS (based on 2D or 3D
culture, in parenchymal or barrier organoids, in passive or active
flow, with or without electronic elements, such as sensors,
electrodes etc.). Additionally, as mentioned before, the in vivo
three-dimensional microenvironment in which the cells present
relations with each other, with different tissues and with the
ECM, directly affects the differentiation and function of each
organ. With that in mind, we consider that MPS consisting of
microfluidic devices for in vitro 3D tissue culture human in a
controlled environment of mechanical and electrophysiological
stimuli provide the best conditions of emulation possible?.

Organ-on-a-Chip

Organs-on-Chips are biomimetic microenvironmental systems
that contain microfluidic channels that carry culture medium
with nutrients and extract catabolites from the tissues in cul-
ture. They can alternatively be defined as microscale models
of human organs (from 10 to 10 in comparison with the
original size)33%.

Organ-on-a-Chip systems seek to produce levels of tissue and/
or organoid functionality that are not achieved by static cell
culture, as well as to enable the real-time analysis of biochem-
ical and metabolic parameters'? like albumin, lactate dehy-
drogenase (LDH), glucose, O,, glutathione (GSH) concentration,
mitochondrial functional status, structure and morphology of the
cell nucleus, redox status, ATP concentration etc. These param-
eters are monitored by means of internal or external biosensors,
through microscopic images and analysis of the fluid collected
from the system340.41,

Organ-on-a-Chip models equipped with monitoring and detec-
tion (biosensor) accessories can provide important advantages
related to time savings and improved reproducibility of the data
produced. Furthermore, the possibility of continuous onsite mon-
itoring of induced drug responses over a long time is crucial for
adequate investigation of the pharmacological parameters and,
consequently, to increase the predictive power of MPS. Emu-
late, Inc. of the Wyss Institute, located at Harvard University,
has developed microdevices that have built-in electrodes for the
measurement of Transepithelial Electrical Resistance (TEER), in
order to noninvasively monitor the formation and integrity of
several in vitro models of barrier organs like lungs or intestines*.

Another example comes from the Center for Research and Inno-
vation in Biomaterials from the Harvard Medical School, which
developed a continuous and automated monitoring system in
a modular, integrated platform equipped with multi-biosen-
sors with biophysical and biochemical detection capabilities
integrated into Organ-on-a-Chip modules. The system has a
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peristaltic pump, a microfluidic flow control module, modules
containing biophysical sensors for O,, pH, temperature and con-
traction of cardiac cells, module containing biochemical sensors
for hepatic proteins (e.g. Glutathione S-Transferase alpha, albu-
min), cardiac proteins (creatine kinase), a mini-microscope for
monitoring the morphology of organoids, in addition to a capture
module of system bubbles®.

Thus, these MPS enable a more accurate emulation of internal
environment conditions, including pressure and temperature
conditions, nutrient diffusion (glucose, amino acids and lipids),
trophic and growth humoral factors', as well as a more effective
removal of catabolites. MPS have microfluidic diffusion path-
ways that permeate tissues similar to blood capillaries and allow
three-dimensional culture with intercellular contact and shear
stress, responsible in part for tissue morphology. These char-
acteristics provide for the emulation of the in vivo conditions
and purportedly lead to a preparation response pattern that is
more similar to that of a living organism™#44 as discussed
above. With that, we conclude that the advent of the Organ-
on-a-Chip technology is in line with the recognition that cellular
morphogenesis, cell-cell interactions, and the biomechanical
environment are as important as the cells themselves*:449,5051,52
As examples we can cite the topographical orientation®, spatial
definition of culture*>45%  the shear stimulus and other types
of mechanical stimulus (stretching, compression etc.)%%5 and
biochemical gradient®®'.

This technology is an alternative to the use of animals in pharma-
ceutical, chemical and environmental applications’.

Other important examples of Organ-on-a-Chip come again from
the Emulate company. Human organoids cultured alone to date
include: lungs (pulmonary microvascular endothelial cells inter-
faced with alveolar epithelial cells)®?, lower airways (primary
human cells differentiated into mucociliary epithelium)*¢3,
intestines (human CaCo2 cell lineage)*, kidney (human proximal
tubule epithelial cells)®> and bone marrow (rat cells)®. Figure 2
illustrates the chip model by Emulate. In this technology, each
organoid mimics the cellular interfaces of its respective organ,
as well as some of its fundamental characteristics, for example,
the peristaltic movement of the intestines.

In 2016 the World Economic Forum specifically selected the
Organ-on-a-Chip technology as one of the ten most promising
emerging technologies in the world®. In this sense, the field of
study related to microfluidic systems, Organ-on-a-Chip and MPS
has experienced a great leap in the number of related academic
publications over the last two decades. Between the years 2000-
2014 there was an increase of approximately 12 times, 985 times
and 380 times in the number of academic publications related
to the areas of microfluidics, Organ-on-a-Chip and MPS, respec-
tively (Chart). The increase in publications exemplifies the
increasing activity and interest in this technology.

The following keywords: microfluidics, Organ-on-a-Chip and
microphysiological systems were searched through Google
Scholar. The numbers of publications found by this search for
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Figure 2. Example of Organ-on-a-Chip system by Emulate.
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each of the eight two-year intervals and the three-year interval
are plotted from the year 1998 to the year 2017.

Human-on-a-Chip

The MPS based on the coculture of two or more interconnected
organs in a microfluidic device are commonly called Multi-Or-
gan-Chips. They are currently the precursor platforms for the
future Human-on-a-Chip or Body-on-a-Chip that are under deve-
lopment and project over ten interconnected organs®® already
for the year 2018.

A good illustrative example of these types of MPS comes from the
German company TissUse GmbH, a company derived from the
Biotechnology Institute of the Technische University of Berlin.

The first prototypes consisted of devices for two interconnected
organs under an adjustable flow generated by an external pump
housed within a computerized controller unit (Figure 1). In these
devices, called 2-Organ-Chip or 2-0OC, studies were performed
with organoid pairs, such as human skin biopsy and hepatic sphe-
roids?%, human skin and hair follicle”, in vitro reconstructed
intestinal barrier and hepatic spheroids??, neurospheres and
hepatic spheroids’".

More recently, culture of endothelial cells covering the luminal
area of the microfluidic channels and the area of tissue culture
wells have been incorporated and mimic the vascular inter-
face between the tissues and the flow (circulation) inside the
device”. A bone marrow model constructed on a ceramic tem-
plate of hydroxyapatite coated with hydroxyapatite Sponceram®
3D (Zellwerk GmbH, Germany), which housed the coculture of
stromal mesenchymal cells (MSC) and hematopoietic stem cells
derived from blood of the umbilical cord (HSPC) viable for up to
28 days at 2-0C™.

Subsequently, TissUse also developed devices for four organs
(4-Organ-Chip or 4-OC) that gave rise to the publication that
shows the culturing and maintenance of liver, intestine, skin
and kidney equivalents interconnected in this device’. This new
4-0C device has two separate microfluidic compartments: one
simulates blood circulation and another emulates the excretory
circuit for the drainage of fluid (analogous to urine) secreted by
the kidney equivalent.

MPS containing two or more organs have great potential for
application in pharmacokinetic studies, which involve analy-
ses of the absorption, distribution, metabolism, excretion and
toxicity profiles (ADMETox) of a substance or drug, as well as
being able to simulate human diseases in vitro. The study of
the pharmacokinetic properties of a substance or drug candi-
date is one of the possible and promising applications of MPS
and is a critical step in the drug discovery and development
process. Traditional human cell models unmistakably reproduce
the ADMETox properties observed in vivo, exhibiting a change in
the level of exposure (when compared to humans) and impai-
ring toxicological evaluation, since most cell responses evalua-
ted depend directly and precisely on the level of exposure of
the tissue to the tested drug’4757476,77,78,79,80,81,
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Thus, an MPS that includes the integration of in vitro human
intestinal and liver models, the two organs that are critical for
bioavailability and systemic exposure responses, has significant
relevance® and may represent an evolution in the predictive
power in relation to static and non-integrated human cell cul-
ture models. An example of MPS for pharmacokinetic studies was
developed by Murat Cirit’s group of the Department of Biological
Engineering of the Massachusetts Institute of Technology (MIT)%.
The MPS consisted of a microfluidic platform (microdevice +
infusion pump) in which integrated human intestinal and liver
models were developed in vitro. These were maintained under
continuous communication for the simultaneous investigation of
pharmacokinetic parameters like absorption and after oral admi-
nistration of a given compound (in the case of MPS containing
intestine and liver, the emulation of oral administration is done
through the application of the test substance in the intestinal
compartment, whereas the mimicking of the intravenous admi-
nistration is done through the application directly into the hepa-
tic compartment). The authors demonstrated the possibility of
obtaining intrinsic parameters such as permeability and hepatic
clearance through the derivation of the data obtained in the MPS
by mechanistic modeling. They also suggested in that study that
the communication between the organs provided by MPS had a
positive impact on the metabolic capacity of the liver model.

Another example of an MPS model optimized for pharmacokine-
tic investigations comes from the Laboratory of Biomechanics
and Bioengineering at the Compiégne University of Technology,
in Picardy, France. The group developed an MPS containing the
human intestinal and liver models made in vitro and kept cou-
pled under flow for the investigation of intestinal and hepatic
first-pass metabolism of paracetamol®. This approach was also
combined with a mathematical model aiming to estimate intrin-
sic in vitro parameters and to enable extrapolation for the in
vivo processes. The study also showed the identification of meta-
bolites such as paracetamol sulfate that was identified through
the synergistic activity between the intestine and liver models
that occurred in MPS. Both groups state in the aforementioned
studies the importance and the great potential that MPS applica-
tion may have in pharmacokinetic investigations, as well as the
integration of the MPS-based in vitro and in silico approaches.

Disease-on-a-Chip

The in vitro Disease-on-a-Chip models are a variation or adap-
tation of the Multi-Organ-Chips intended for the emulation of
pathological conditions. One of the illustrative examples is the
model developed by the group of the Federal Institute of Tech-
nology of Zurich (ETH). The model in question used the culture
of colorectal tumor tissue and murine hepatic tissue and enabled
the evaluation of the efficacy of cyclophosphamide treatment
with previous bioactivation in murine hepatic tissue in the treat-
ment of colorectal tumor in vitro®. In addition to presenting a
successful model of Disease-on-a-Chip, this group demonstrated
the importance of simultaneous and integrated cultivation
of more than one tissue provided by MPS. Inhibition of tumor
growth was observed only in the experiments performed in
microfluidic devices, that is, in the presence of flow. There was

Vigil. sanit. debate 2018;6(2):74-91 | 80



R

no antitumor effect with cyclophosphamide in non-flow assays
such as pipetting discontinuous transfer of supernatant from the
static cultures of liver tissues treated with cyclophosphamide
to cultures that are also stationary of colorectal tumor tissue®.

In this work, the positive impact of the use of MPS on the response
obtained in the test is explicit and was completely different from
the response obtained in the test situation performed outside
the MPS.

Another group cultured pancreatic ductal adenocarcinoma
cells in 3D under flow and showed more physiological cisplatin
response when compared to traditional in vitro culture models®.
Tumor cells usually behave differently and exhibit distinct phe-
notype when grown outside the human body in 2D or even when
cultured in 3D. The in vitro traditional 2D cell culture systems or
under inserts of the Transwell® type, as well as spheroid models,
for example, used to mimic the tumor microenvironment (TM),
have shown limited predictive power of the therapeutic efficacy
of various candidate drugs®.

TM exerts a great influence on cellular behavior, especially in
relation to survival, proliferation, invasiveness and sensitivity
to treatment with compounds®-®. Typically, tumors are formed
by cancerous and stromal cells (fibroblasts and immune cells)
nourished by the vascular network. Understanding this intricate
interrelationship of different cell types, as well as the interre-
lationship of cells with components of the extracellular matrix,
is critical for the advancement of cancer treatment strategies®.
In the case of traditional in vitro tumor models, i.e. non-MPS-
based, the challenge is greater because of the absence of inter-
action between tumor cells and the extracellular matrix and
differences in the intratumoral pH, oxygenation and nutrition
gradient conditions found in vivo. In this sense, the application
of MPS models in the investigation of the behavior and responses
of tumor cells can be advantageous, insofar as the MPS can
induce a tumor pattern in the tumor cells that is closer to the in
vivo conditions by providing more approximate conditions of TM
found in the human organism. Because of the advancement of
microfabrication techniques, it is currently possible to develop
microfluidic devices whose spatial organization through com-
partmentalization of cells and control over the diffusion of sol-
uble factors critical to systemic homeostasis enable the recon-
struction of complex cellular culture models that include the
necessary integration between various cell types and between
cells and components of the microenvironment®.

The work of Albanese et al.”!, based on the tumor-on-a-chip
model, demonstrated successful replication of the enhanced
permeability and retention (EPR) effect in vitro. Several solid
tumors have structural features that include hypervasculariza-
tion, defective vascular architecture and impaired lymphatic
drainage. This characterizes the known EPR effect described for
specific molecules®?, typically macromolecular compounds, lipo-
somes and nanoparticles, which tend to build up much more in
tumor tissue than in normal tissue®. Albanese et al. have shown
that the penetration and accumulation of nanoparticles in spher-
oids of tumor cells integrated into the microfluidic device were
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significantly influenced by the presence of flux and ECM in the
environment. The study verified the importance of the interface
region formed by the ECM, fluid and tissue surface. This inter-
face region emulated in the MPS was shown to be necessary for
in vitro replication of the EPR effect, behaving as a fluid-tissue
interface reservoir, in which the nanoparticles build up and dif-
fuse progressively into the tissue. This passive transport from the
interface reservoir directly impacts the number of particles to
be diffused into the tissue and appears to be able to predict the
extent of nanoparticle accumulation within the tumor in vivo.

This work evidenced the importance of TM mimicking and the
potential use of tumor-on-a-chip in the development and stan-
dardization of drug carriers, increasing the investigation of
nanoparticle transport mechanisms through a tissue under phys-
iological flow conditions and coupling with ECM.

There are also other examples of diseases emulated in MPS. The
model based on endothelial cell-coated microchannels mimicking
the intimate layer of blood vessels has also proved successful in
mimicking pathological conditions in vitro®. In this, expression of
the von Willebrand factor was observed in response to the steno-
sis of the microchannels, emulating the effect of the atheroma
plaque (composed of fat, calcium and inflammatory cells, located
in the artery wall). The application of MPS in disease research
seems to be promising. There are already developments of MPS
for neurodegenerative diseases, such as Parkinson’s®, infectious
diseases or potential for infection of a certain tissue®, vascular
diseases such as thrombosis®>*’; airway diseases®?, inter alia.

The Brazilian Experience

The “Human-on-a-Chip” project is currently under development
at LNBio, one of the four national laboratories allocated to the
National Center for Energy and Materials Research (CNPEM).
The first stage of the project was based on the development of
human organoid models cultured in microfluidic devices manu-
factured and marketed by TissUse GmbH, a so-called Two-Organ-
Chip or 2-OC device (Figure 2).

The microdevices manufactured by TissUse are composed of
three types of materials: polycarbonate that makes up the
adapter plate, PDMS in which are the microfluidic valves and
channels and a glass slide that covers the PDMS (Figure 1A). The
MPS model proposed by TissUse provides access to the cell cul-
ture wells, while keeping the microchannels isolated and pro-
tected, allowing the preparation and maturation of the organ-
oids externally, their placement on chips and their subsequent
withdrawal for histology. It also allows the use of a greater vari-
ety of human tissues, such as biopsy materials.

The LNBio is already able to successfully prepare and culture
organoids of liver, heart and intestines in the 2-0OC, in addition
to the kidney, which is still under development.

Cells and tissues

Although primary cells from living donors or corpses have bet-
ter functionality, they are complicated and uncertain to obtain
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and may produce inconsistent results due to the fact that they
originate from different donors in most cases. Depending on the
origin of the tissue and the donor, they do not have the survival
time that is necessary to perform longer tests.

Therefore, we chose cells from expandable lineages and/or iPSC
cells. Their functionality is generally smaller, but we can control
important parameters more effectively.

Equivalent human intestinal barrier

To produce organoids that emulate the intestinal barrier, we used
cells from the CaCo2 lineage (ATCC HTB-37) (Figure 3A) asso-
ciated with the HT29-MTX lineage (ATCC HTB-38) (Figure 3B).
Both are epithelial lineages of adenocarcinoma of rectal colon
that possess the majority of the morphologic and functional
characteristics of absorption cells of the small intestine, includ-
ing digestive enzymes and receptors. HT29-MTX cells also have
the ability to secrete mucin and other compounds that form
the intestinal mucus that assists the absorptive capacity® %1%,
The barrier was constructed for 21 days in the Transwell® insert
whose microporous membrane was seeded with the coculture of
the two intestinal lineages mentioned above (Figure 3C).

The insert, in addition to supporting the cell culture, also had
the function of separating the organoid in two compartments
or physically distinct sides mimicking the intraluminal (upper
compartment or apical side) and interstitial/bloodstream

CaCo2 HT29

Test substance

S D

Insert type:
Transwell <

- Apical side

Medium of
cell culture

&

Basolateral side <=

Microporous membrane

in vitro Intestinal barrier

== Compartment of chip
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(inferior compartment or basolateral side) intestinal regions
(Figure 3D).

Equivalent human liver

For liver spheroids, we used HPR101 cell lineage differenti-
ated into HepaRG® associated with the HHSteC lineage (Human
Hepatic Stellate Cells #5300, Sciencell) (Figure 4). The first
comes from a donor with hepatocellular carcinoma with con-
comitant infection with the Hepatitis C virus.

HepaRGs are progenitor liver cells capable of giving rise to fully
differentiated adult hepatocytes and cholangiocytes. They have
significant levels of hepatic functionality such as stable expres-
sion of CYP450 family enzymes and enzymes that act in drug
conjugation (phase 2) and support the full replication cycle of
hepatitis B virus'®'. The second produces cells of the intralobu-
lar connective tissue that present phenotype similar to that of
myofibroblasts or lipocytes. These cells participate in the extra-
cellular matrix homeostasis and liver repair, regeneration and
fibrosis processes. The proliferation and migration of these cells,
together with the expression of chemokines, are involved in the
pathogenesis of hepatic inflammation and fibrogenesis.

In general, the culture of hepatocytes as spheroids has shown
positive results with respect to hepatic function, due to the
establishment of the homo and heterotypic cell-cell contacts
and the presence of key components of ECM in and around the

 HHSteC- Primary hu

m
I stellate cells ‘

A) Microscopic image of CaCo2 cells, with 10x magnification. B) Microscopic image of HT29-MTX cells, with 10x magnification. C) Coculture of CaCo2

and HT29-MTX cells, with 10x magnification. D) Schematic drawing of the equivalent model of intestinal barrier made in LNBio. E) Light microscopy
image of differentiated 2D HepaRG cells, with 10x magnification. F) Light microscopy image of human star cells in 2D culture, with 10x magnification. G)
Photograph of hepatic spheroids formed and collected. H) Hepatic spheroids integrated into the 2-OC - TissUse GmbH device. 1) Light microscopy image

of a hepatic spheroid, with 4x magnification.

Figure 3. Organoids of human intestines and liver - equivalent to the human intestinal barrier.
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GAP Junctions

AB) Electron microscopy images of histological sections of cardiospheres or equivalent human heart. A) Highlights to the sequence of sarcomeric
units, mitochondria and glycogen deposits in sarcoplasm. B) Highlight for GAP type junctions. C) Light microscopy image of a cardiosphere, with

4x magnification.

Figure 4. Human heart organoid - heart equivalent.

aggregates®®. Figure 3 shows hepatic cells under 2D culture
(Figure 3E and 3F), and the respective coculture in the spheroi-
dal histoarchitecture (Figure 3G and 3l) integrated in the 2-0OC
(Figure 3H). The intestine and liver equivalents were kept under
coculture at 2-OC for 14 days.

The human cardiomyocytes used for confection of the cardio-
sphere were generated from the reprogramming of blood cells
(erythroblasts) obtained from a healthy 38-year-old male. The
iPSC were differentiated into adult cardiomyocytes. The Brazil-
ian company PluriCell Biotech provided the already differenti-
ated cardiomyocytes, used for the confection of the organoids in
the LNBio. When formed, the spheres (Figure 4C) were integrated
into the 2-OC platform and cultured for conducting pilot exper-
iments. Electron microscopy analysis of section transmission of
cardiospheres allowed the identification of cellular structures
compatible with a healthy cardiac cell, such as sarcomeric units,
GAP junctions, intact mitochondria, glycogen stores, membranes
and intact membranous compartments (Figure 4 A and B).

Interestingly, the work of Luni et al. has shown that the process
of reprogramming human somatic cells into iPSC is highly influ-
enced by the microfluidic environment (a 50-fold improvement
over the most efficient reprogramming reported using human
cells without genetic modifications), with direct differentiation
into hepatocytes and functional cardiomyocytes in the same
platform without an additional expansion step'®.

Prospects and challenges

Despite the great advances already made, human tissue engi-
neering in three dimensions (3D) for the production of organ
equivalents (at different scales and with different objectives),
as well as the microfluidic devices, are in development phase.
Advances in the management of embryonic stem cells and iPSC
have already made great contributions and may expedite the
progress of this field by providing access to several cell lineages
for organoid production.

http://www.visaemdebate.incqgs.fiocruz.br/

Vast prospects are also found in the field of personalized medi-
cine with the possibility of “patient-specific” cell cultures®1%4,
The iPSCs are obtained from primary cells of the human body,
such as blood cells (erythroblast), fibroblasts (obtained from
skin), urinary tract epithelial cells (obtained from urine), which
undergo dedifferentiation and in theory can be artificially redif-
ferentiated into any cell type'®.

Cells of primary origin, although superior in functionality, are
disadvantageous in aspects of logistic complexity, genetic vari-
ability (which may be beneficial only in some situations) and
phenotypical/physiological instability in vitro. Cells from immor-
talized lineages have the advantage of simple access and han-
dling, but their functionality at this time is smaller than that
of primary cells. Despite the fact that adopting good laboratory
practices is the most critical factor to ensure that cell cultures
are free of various contaminants, lineage cells are at increased
risk of contamination by Mycoplasma'® and/or inter- and intra-
species contamination and genetic instability'”,1%8,

Therefore, the availability of cell types, their adaptability and the
most appropriate choice of cellular source for making increasingly
realistic and stable organoids in MPS are some of the challenges
for the establishment of the Human-on-a-Chip technology.

Furthermore, it is important to consider the need to develop a
culture medium whose formulation/composition is optimized to
meet the needs of the different cell types cocultured in multi-
organ MPS. The choice of the medium is made according to each
cell type, in order to improve adherence to the extracellular
matrix, post-thaw viability, growth and replication. Situations
where a cell type survives and grows perfectly in a medium in
which another cell type does not go well are very common.

These factors make the formulation of a culture medium that is
suitable for different tissues very challenging. The development
of a culture medium formulation is one of the bottlenecks for
the advancement of MPS technology. It is important for all types
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of cell cultures (including 2D, no flow, no tissue coupling etc.)
and it is often limiting to the integrated culture of two or more
tissues. A study by Oleaga et al., published in 2016, opened a
very encouraging prospect by demonstrating in MPS the simulta-
neous, successful 14-day culture of liver, heart, skeletal muscle,
and neuronal tissue models in a circulating culture medium and
free of FBS™.

The variation occurring between batches of animal sera, espe-
cially fetal bovine serum (FBS), is critical and may interfere with
drug development tests, for example?. Factors like the lack of
knowledge on the exact composition of FBS, the occurrence
of batch-to-batch seasonal and geographical variability'® and
unintended interaction with test substances'®'"" may lead to
inconsistent results, concerns regarding laboratory staff safety
in terms of health risk from accidental contact with endotoxins,
mycoplasma and viral contaminants or prion proteins''%113.114;
unexpected shortage in global availability'™>'¢, as well as ethical
concerns about fetal distress'”. In this sense, in favor of the
replacement or elimination of FBS use, there are safety, scien-
tific and ethical aspects, in other words, the search for the opti-
mization of in vitro test systems, as well as the commitment to
the 3Rs principles encourage the development and adoption of
FBS-free culture medium formulations either chemically defined
or with the use of replacement components''?. Recently, human
platelet lysates have been shown to be a promising alternative
to FBS116,119, 120, 121,122‘

Another important aspect to be considered is that the pharma-
cokinetic profile study should precede toxicological and pharma-
codynamic studies. This is because in all cases exposure to the
effect should be related and the exposure will only be known
through pharmacokinetic studies. For this, knowing the parti-
tion of drugs in the organs, distances of diffusion and metabolic
rates is fundamental, with the intention of emulating the in vivo
communication between the organs'?. Therefore, a fundamental
factor in achieving success is the proportional scaling of differ-
ent organoids in order to reflect the relationship that occurs in
the human body. The choice and application of an appropriate
scaling method will ensure that a drug reaches the organs in
concentrations similar to those expected in patients. Therefore,
determining the principles and rules for sizing different MPS is
one of the most critical steps for the development of MPS with
great impact on future use in drug development studies'? 24,
Correct scaling will also ensure that paracrine factors reach
other organs at physiological concentrations while maintaining
the correct organ-organ coupling ratio in the MPS.

There are several types of scaling with different focuses or meth-
ods, of which we can cite: allometric scaling (the scale between
the organoids and their human counterparts and each other),
most commonly used'”'?  functional scaling'” and multifunc-
tional scaling'® (which considers parameters like the compart-
mentalization of organoids in fluidic circuits, flow, routes of
administration/excretion) and also the scaling based on organ
volume and blood flow residence time'”. The problem is that
the most commonly used approaches to scaling such as direct
miniaturization and allometric scaling are based on physical size
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only', For further studies, there are reviews on scaling methods
available in the Human-on-a-chip context'123130,131,132,133,

To overcome the challenge of successful coculturing of different
equivalents of in vitro interconnected human organs in an auton-
omous homeostasis situation, we must overcome other obsta-
cles like the absence of synergistically integrated lymphatic,
nervous, immune and vascular systems. Vascularization is par-
ticularly important. Usually, the cell volumetric density of the
organoids in 3D does not correspond to that found in the in vivo
organ due to pseudo-histoarchitecture and limitations of oxygen
and nutrient delivery.

The integration of an endothelial lining into the MPS is a critical
measure to improve their physiological performance. The pres-
ence of a network of vessels that is able to properly penetrate
and perfuse a 300 pM spheroid, for example, will improve the
supply of nutrients, oxygen and assist in the removal of metab-
olites. Other benefits include modulating the diffusion of hydro-
philic molecules into the organoid and of the non-physiological
strains that could more easily reach the cells?®. In addition,
endothelial cells have the ability to establish a vascular niche
and provide in vivo and in vitro organogenesis.

The combination of robust emulation with the possibility of
performing analyses and obtaining electrophysiological data
through microelectrodes integrated into the MPS also opens up
great prospects. Cardiac, musculoskeletal or neuronal tissues
can be studied in this way'*>'3¢, Measurement of TEER in barrier
integrity check on equivalent models of intestines'?’, skin or cor-
nea may also be another benefit of this functionality.

Additionally, 3D printers can be of great value in resolving
the limitations of current MPS. By providing accurate, orderly
and reproducible deposition of cell types and diverse materi-
als, they open up the prospect of making organoids with com-
plex histoarchitecture. In the case of the kidneys or spleen,
the printing of human tissues in 3D is very convenient, since
they cannot be fully recreated using the currently available
techniques™®. The Organovo company stood out in the area
of human 3D tissue printing, offering models of liver (ExVive™
3D Bioprinted Human Liver Tissue Model) and human kidney
(ExVive™ Human Kidney Tissue)'®. In addition, 3D printers open
up the prospect of optimizing the development and manufac-
turing process of microfluidic devices, which is often labori-
ous and intricate, requiring large investments and care (e.g.
clean room and highly specialized human resources). Current
3D printing technology has advanced to a point where it allows
the relatively inexpensive and rapid production of sophisti-
cated microdevices, providing a promising alternative to the
currently used protocols'®.

The flowchart of Figure 5 illustrates a proposed approach to
the development of MPS in research centers, based on the data
and information surveyed and interpreted here. It contemplates
the reasons that warrant the investment in the implementation
of MPS and the critical steps and aspects to be considered and
weighted in this process.
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CONCLUSIONS

Despite all the efforts and progress made toward develop-
ing experimental models that are as close as possible to the
human physiological condition, this is not the most critical
factor in the MPS vs. human body relationship. The results or
data obtained from these platforms or MPS should not neces-
sarily be realistically physiological. The most important thing
is that they are comparable and transposable to the human
being. In this sense, having and formalizing principles of
extrapolation that enable us to accurately transpose the data
obtained from these platforms is as much or more critical than

REFERENCES

Marin TM & Pagani E  Human microphysiological systems

the incessant search for the emulation of the physiology of
the human organism in vitro.

The progress achieved so far in MPS projects suggests the high
potential of this new approach to overcome the limitations of the
experimental models used today. They will be able, in a shorter
term, to reduce the use of laboratory animals and offer models
with greater predictive potential applicable to pharmacology,
drug development, disease emulation, personalized medicine as
well as encourage the development of better tests that will con-
tribute to the improvement of valuable products and substances
in industries like food, cosmetics and agriculture.

1. Paul SM, Mytelka DS, Dunwiddie CT, Persinger CC, Munos BH,
Lindborg SR et al. How to improve R&D productivity: the
pharmaceutical industry’s grand challenge. Nat Rev Drug
Discov. 2010;9(3):203-14. https://doi.org/10.1038/nrd3078

2. Bailey J, Thew M, Balls M. An analysis of the use of dogs
in predicting human toxicology and drug safety. Altern Lab
Anim. 2013;41(5):335-50.

3. Dragunow M. The adult human brain in preclinical drug
development. Nat Rev Drug Discov. 2008;7(8):659-66.
https://doi.org/10.1038/nrd2617

4, Hackam DG, Redelmeier DA. Translation of research
evidence from animals to humans. JAMA. 2006;296(14):1731-
2. https://doi.org/10.1001/jama.296.14.1731

5. Seok J, Warren HS, Cuenca AG, Mindrinos MN,
Baker HV, Xu W et al. Genomic responses in mouse
models poorly mimic human inflammatory diseases.
Proc Natl Acad Sci USA. 2013;110(9):3507-12.
https://doi.org/10.1073/pnas.1222878110

6. Worp HB, Howells DW, Sena ES, Porritt MJ, Rewell S,
O’Collins V et al. Can animal models of disease reliably
inform human studies? PLoS Med. 2010;7(3):e1000245.
https://doi.org/10.1371/journal.pmed. 1000245

7. European Medicines Agency. Science Medicines Health.
ICH guideline M3(R2) on non-clinical safety studies for
the conduct of human clinical trials and marketing
authorisation for pharmaceuticals. London: European
Medicine Agency; 2009.

8. Agéncia Nacional de Vigilancia Sanitaria - Anvisa. Geréncia de
Avaliacéo de Seguranca e Eficacia. Guia para a conducao de
estudos n&o clinicos de toxicologia e seguranca farmacologica
necessarios ao desenvolvimento de medicamentos. 2nd ed.
Brasilia, DF: Agéncia Nacional de Vigilancia Sanitaria; 2013.

9. Laboratdrio Nacional de Biociéncias - LNBio, Centro
Nacional de Pesquisa em Energia e Materiais - CNPEM.
Edital N° 01 RENAMA - Testes in silico. [s.d.][citado 10 set

http://www.visaemdebate.incgs.fiocruz.br/

2017]. Disponivel em: http://lnbio.cnpem.br/wp-content/
uploads/2014/01/EDITAL-RENAMA_LNBio. pdf

10. Materne EM, Tonevitsky AG, Marx U. Chip-based liver
equivalents for toxicity testing: organotypicalness versus
cost-efficient high throughput. Lab Chip. 2013;13(18):3481-95.
https://doi.org/10.1039/c31c50240f

11. Huh D, Torisawa YS, Hamilton GA, Kim HJ, Ingber
DE. Microengineered physiological biomimicry:
organs-on-chips. Lab Chip. 2012;12(12):2156-64.
https://doi.org/10.1039/c2lc4008%h

12. Capulli AK, Tian K, Mehandru N, Bukhta A,
Choudhury SF, Suchyta M et al. Approaching
the in vitro clinical trial: engineering organs
on chips. Lab Chip. 2014;14(17):3181-6.
https://doi.org/10.1039/C4LC00276H

13. Hutson MS, Alexander PG, Allwardt V, Aronoff DM, Bruner-
Tran KL, Cliffel DE et al. Organs-on-chips as bridges for
predictive toxicology. Appl Vitr Toxicol. 2016;2(2):97-102.
https://doi.org/10.1089/aivt.2016.0003

14. Wikswo JP. The relevance and potential roles of
microphysiological systems in biology and medicine.
Exp Biol Med (Maywood). 2014;239(9):1061-72.
https://doi.org/10.1177/1535370214542068

15. Huh D, Hamilton GA, Ingber DE. From 3D cell culture to
organs-on-chips. Trends Cell Biol. 2011;21(12):745-54.
https://doi.org/10.1016/j.tcb.2011.09.005

16. Zheng F, Fu F, Cheng Y, Wang C, Zhao Y, Gu Z.
Organ-on-a-chip systems: microengineering to
biomimic living systems. Small. 2016;12(17):2253-82.
https://doi.org/10.1002/smll.201503208

17. Russell WM, Burche RI. The principles of humane
experimental technique. London: UFAW; 1992.

18. Tannenbaum J, Bennett BT. Russell and Burch’s 3Rs then
and now: the need for clarity in definition and purpose. J
Am Assoc Lab Anim Sci. 2015;54(2):120-32.

Vigil. sanit. debate 2018;6(2):74-91 | 85



R

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

European Parliament, Council Of The European Union.
Regulation (EC) N° 1223/2009. [Cosmetic products]. Off J.
Eur Union. 22 dez 2009.

Palmer N. Global cosmetic compliance summit. In:
Cosmetic Compliance Conference; 2015 Apr 24-26; New
York, NY.

Laquieze L, Lorencini M, Granjeiro JM. Alternative
Methods to animal testing and cosmetic safety: an
update on regulations and ethical considerations
in Brazil. Appl Vitr Toxicol. 2015;1(4):243-53.
https://doi.org/10.1089/aivt.2015.0008

Maschmeyer |, Hasenberg T, Jaenicke A, Lindner M,
Lorenz AK, Zech J et al. Chip-based human liver-
intestine and liver-skin co-cultures: a first step
toward systemic repeated dose substance testing
in vitro. Eur J Pharm Biopharm. 2015;95(Pt A):77-8.
https://doi.org/10.1016/j.ejpb.2015.03.002

Dehne E-M, Hasenberg T, Marx U. The ascendance
of microphysiological systems to solve the drug
testing dilemma. Futur Sci. 2017;31;3(2):FSO185.
https://doi.org/10.4155/fsoa-2017-0002

Bissell MJ. The differentiated state of normal
and malignant cells or how to define a “normal”
cell in culture. Int Rev Cytol. 1981;70:27-100.
https://doi.org/10.1016/50074-7696(08)61130-4

Bissell MJ, Hall HG, Parry G. How does the extracellular
matrix direct gene expression? J Theor Biol. 1982;99(1):31-
68. https://doi.org/10.1016/0022-5193(82)90388-5

Lee EY, Parry G, Bissell MJ. Modulation of secreted
proteins of mouse mammary epithelial cells by the
collagenous substrata. J Cell Biol. 1984;98(1):146-55.
https://doi.org/10.1083/jcb.98.1.146

Simian M, Bissell MJ. Organoids: a historical
perspective of thinking in three dimensions. J Cell Biol.
2017;216(1):31-40. https://doi.org/10.1083/jcb.201610056

Junqueira LC. Histologia basica. Rio de Janeiro: Guanabara
Koogan; [s. d.].

Marx U, Walles H, Hoffmann S, Lindner G, Horland R,
Sonntag F et al. ‘Human-on-a-chip’ developments: a
translational cutting-edge alternative to systemic safety
assessment and efficiency evaluation of substances

in laboratory animals and man? Altern Lab Anim.
2012;40(5):235-57.

Kelm JM, Fussenegger M. Microscale tissue

engineering using gravity-enforced cell assembly.

Trends Biotechnol. 2004;22(4):195-202.
https://doi.org/10.1016/j.tibtech.2004.02.002

Messner S, Agarkova I, Moritz W, Kelm JM. Multi-cell
type human liver microtissues for hepatotoxicity

http://www.visaemdebate.incgs.fiocruz.br/

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Marin TM & Pagani E  Human microphysiological systems

testing. Arch Toxicol. 2013;87(1):209-13.
https://doi.org/10.1007/s00204-012-0968-2

EL-Ali J, Sorger PK, Jensen KF. Cells on chips. Nature.
2006;442(7101):403-11. https://doi.org/10.1038/nature05063

Nature.com. Microfluidcs. Nature. 2018[citado 20 jan 2018].
Disponivel em: https://www.nature.com/subjects/microfluidics

Toepke MW, Beebe DJ. PDMS absorption of small molecules
and consequences in microfluidic applications. Lab Chip.
2006;6(12):1484-6. https://doi.org/10.1039/b612140c

Wang JD, Douville NJ, Takayama S, ElSayed M. Quantitative
analysis of molecular absorption into PDMS microfluidic
channels. Ann Biomed Eng. 2012;40(9):1862-73.
https://doi.org/10.1007/s10439-012-0562-z

Midwoud PM, Janse A, Merema MT, Groothuis GMM,
Verpoorte E. Comparison of biocompatibility and
adsorption properties of different plastics for

advanced microfluidic cell and tissue culture models.
2012;84(9):3938-44. https://doi.org/10.1021/ac300771z

Shuler ML. Organ-, body- and disease-on-a-
chip systems. Lab Chip. 2017;17(14):2345-6.
https://doi.org/10.1039/C7LC90068F

Bhatia SN, Ingber DE. Microfluidic organs-on-
chips. Nat Biotechnol. 2014;32(8):760-72.
https://doi.org/10.1038/nbt.2989

Cyprotex. Spontaneously beating cardiac spheroids: 3D
combined hypertrophy and cardiotoxicity assay. Nether
Alderley: Cyprotex, [s. d.].

Li L, Zhou Q, Voss TC, Quick KL, LaBarbera DV.
High-throughput imaging: focusing in on drug
discovery in 3D. Methods. 2016;96:97-102.
https://doi.org/10.1016/j.ymeth.2015.11.013

Letzsch S, Hanel F, Bottcher K, Kelm J. Cytotoxicity studies
on 3D primary liver microtissues. Waltham: PerkinElmer;
2014. (Application note).

Henry OY, Villenave R, Cronce MJ, Leineweber

WD, Benz MA, Ingber DE. Organs-on-chips with
integrated electrodes for trans-epithelial electrical
resistance (TEER) measurements of human epithelial
barrier function. Lab Chip. 2017;17(13):2264-71.
https://doi.org/10.1039/C7LC00155J

Zhang YS, Aleman J, Shin SR, Kilic T, Kim D, Mousavi
Shaegh SA et al. Multisensor-integrated organs-
on-chips platform for automated and continual

in situ monitoring of organoid behaviors. Proc

Natl Acad Sci USA. 2017;114(12):E2293-302.
https://doi.org/10.1073/pnas.1612906114

Huh D, Matthews BD, Mammoto A, Montoya-Zavala M,
Yuan Hsin H, Ingber DE. Reconstituting organ-level lung
functions on a chip. Science. 2010; 328(5986):1662-8.
https://doi.org/10.1126/science.1188302

Vigil. sanit. debate 2018;6(2):74-91 | 86



R

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hartung T, Blaauboer BJ, Bosgra S, Carney E, Coenen J,
Conolly RB et al. An expert consortium review of the
EC-commissioned report “alternative (non-animal)
methods for cosmetics testing: current status and
future prospects - 2010”. ALTEX. 2011;28(3):183-209.
https://doi.org/10.14573/altex.2011.3.183

Adler S, Basketter D, Creton S, Pelkonen O, Benthem
J, Zuang V et al. Alternative (non-animal) methods
for cosmetics testing: current status and future
prospects-2010. Arch Toxicol. 2011;85(5):367-485.
https://doi.org/10.1007/s00204-011-0693-2

Bhana B, lyer RK, Chen WL, Zhao R, Sider KL,
Likhitpanichkul M et al. Influence of substrate stiffness
on the phenotype of heart cells. Biotechnol Bioeng.
2010;105(6):1148-60. https://doi.org/10.1002/bit.22647

Parker KK, Tan J, Chen CS, Tung L. Myofibrillar
architecture in engineered cardiac

myocytes. Circ Res. 2008;103(4):340-2.
https://doi.org/10.1161/CIRCRESAHA.108.182469

Lin YC, Kramer CM, Chen CS, Reich DH. Probing cellular
traction forces with magnetic nanowires and microfabricated
force sensor arrays. Nanotechnology. 2012;23(7):075101.
https://doi.org/10.1088/0957-4484/23/7/075101

Fu J, Wang YK, Yang MT, Desai RA, Yu X, Liu Z et al.
Mechanical regulation of cell function with geometrically
modulated elastomeric substrates. Nat Methods.
2010;7(9):733-6. https://doi.org/10.1038/nmeth.1487

Legant WR, Miller JS, Blakely BL, Cohen DM, Genin GM,
Chen CS. Measurement of mechanical tractions exerted
by cells in three-dimensional matrices. Nat Methods.
2010;7(12):969-71. https://doi.org/10.1038/nmeth.1531

Zhang B, Xiao Y, Hsieh A, Thavandiran N, Radisic M.
Micro-and nanotechnology in cardiovascular tissue

engineering. Nanotechnology. 2011;22(49):494003.
https://doi.org/10.1088/0957-4484/22/49/494003

Chiu LL, Montgomery M, Liang Y, Liu H, Radisic
M. Perfusable branching microvessel bed for
vascularization of engineered tissues. Proc
Natl Acad Sci USA. 2012;109(50):E3414-23.
https://doi.org/10.1073/pnas.1210580109

Khetani SR, Bhatia SN. Microscale culture of human

liver cells for drug development. Nat Biotechnol.
2008;26(1):120-6. https://doi.org/10.1038/nbt1361

Leng L, McAllister A, Zhang B, Radisic M, Gunther A.
Mosaic hydrogels: one-step formation of multiscale

soft materials. Adv Mater. 2012;24(27):3650-8.
https://doi.org/10.1002/adma.201201442PMID:22714644

Stevens KR, Ungrin MD, Schwartz RE, Ng S, Carvalho B,
Christine KS et al. INVERT molding for scalable control

http://www.visaemdebate.incgs.fiocruz.br/

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Marin TM & Pagani E  Human microphysiological systems

of tissue microarchitecture. Nat Commun. 2013;4:1847.
https://doi.org/10.1038/ncomms2853

Hirt MN, Sorensen NA, Bartholdt LM, Boeddinghaus
J, Schaaf S, Eder A et al. Increased afterload
induces pathological cardiac hypertrophy: a new
in vitro model. Basic Res Cardiol. 2012;107(6):307.
https://doi.org/10.1007/s00395-012-0307-z

Fink C. Ergiin S, Kralisch D, Remmers U, Weil J,
Eschenhagen T. Chronic stretch of engineered
heart tissue induces hypertrophy and functional
improvement. FASEB J 2000;14(5):669-79.
https://doi.org/10.1096/fasebj.14.5.669

Zhang B, Peticone C, Murthy SK, Radisic M. A standalone
perfusion platform for drug testing and target validation in
micro-vessel networks. Biomicrofluidics. 2013;7(4):44125.
https://doi.org/10.1063/1.4818837

Rodenhizer D, Gaude E, Cojocari D, Mahadevan R, Frezza
C, Wouters BG et al. Erratum: A three-dimensional
engineered tumour for spatial snapshot analysis of cell
metabolism and phenotype in hypoxic gradients. Nat
Mater. 2016;15(2):244. https://doi.org/10.1038/nmat4515

Allen JW, Bhatia SN. Formation of steady-state
oxygen gradients in vitro: application to liver
zonation. Biotechnol Bioeng. 2003;82(3):253-62.
https://doi.org/10.1002/bit.10569

Benam KH, Novak R, Nawroth J, Hirano-Kobayashi M, Ferrante
TC, Choe Y et al. Matched-comparative modeling of normal
and diseased human airway responses using a microengineered
breathing lung chip. Cell Syst. 2016;3(5):456-466.e4.
https://doi.org/10.1016/j.cels.2016.10.003

Jain A, Barrile R, Meer AD, Mammoto A, Mammoto T, De
Ceunynck K et al. Primary human lung alveolus-on-a-
chip model of intravascular thrombosis for assessment of
therapeutics. Clin Pharmacol Ther. 2018;103(2):332-40.
https://doi.org/10.1002/cpt.742

Kim HJ, Huh D, Hamilton G, Ingber DE. Human gut-on-
a-chip inhabited by microbial flora that experiences
intestinal peristalsis-like motions and flow. Lab Chip.
2012;12(12):2165-74. https://doi.org/10.1039/c2lc40074j

Jang KJ, Mehr AP, Hamilton GA, McPartlin LA, Chung S,
Suh KY et al. Human kidney proximal tubule-on-a-chip for
drug transport and nephrotoxicity assessment. Integr Biol.
2013;5(9):1119-29. https://doi.org/10.1039/c3ib40049b

Torisawa YS, Spina CS, Mammoto T, Mammoto A, Weaver
JC, Tat T et al. Bone marrow-on-a-chip replicates
hematopoietic niche physiology in vitro. Nat Methods.
2014;11(6):663-9. https://doi.org/10.1038/nmeth.2938

Al-Rochan N. Organs-on-chips allow new views of human
biology. Sci Am 2016 June 23.

Vigil. sanit. debate 2018;6(2):74-91 | 87



R

68.

69.

70.

1.

72.

73.

74.

75.

76.

77.

78.

Esch MB, Smith A, Prot JM, Sancho CO, Hickman J, Shuler
ML. How multi-organ microdevices can help foster drug
development. Adv Drug Deliv Rev. 2014;69-70:158-69.
https://doi.org/10.1016/j.addr.2013.12.003

Wagner |, Materne EM, Brincker S, Siissbier U, Fradrich C,
Busek M et al. A dynamic multi-organ-chip for long-term
cultivation and substance testing proven by 3D human liver
and skin tissue co-culture. Lab Chip. 2013;13(18):3538-47.
https://doi.org/10.1039/c3lc50234a

Atac B, Wagner |, Horland R, Lauster R, Marx U,
Tonevitsky AG et al. Skin and hair on-a-chip: in vitro
skin models versus ex vivo tissue maintenance with
dynamic perfusion. Lab Chip. 2013;13(18):3555-61.
https://doi.org/10.1039/c3lc50227a

Materne EM, Ramme AP, Terrasso AP, Serra M, Alves
PM, Brito C et al. A multi-organ chip co-culture of
neurospheres and liver equivalents for long-term
substance testing. J Biotechnol. 2015;205:36-46.
https://doi.org/10.1016/j.jbiotec.2015.02.002

Schimek K, Busek M, Brincker S, Groth B, Hoffmann S,
Lauster R et al. Integrating biological vasculature into a
multi-organ-chip microsystem. Lab Chip. 2013;13(18):3588-98.
https://doi.org/10.1039/c3lc50217a

Sieber S, Wirth L, Cavak N, Koenigsmark M, Marx U,
Lauster R et al. Bone marrow-on-a-chip: long-term culture
of human hematopoietic stem cells in a 3D microfluidic
environment. J Tissue Eng Regen Med. 2017;12(2):479-89.
https://doi.org/10.1002/term.2507

Maschmeyer |, Lorenz AK, Schimek K, Hasenberg T, Ramme
AP, Hiibner J et al. A four-organ-chip for interconnected
long-term co-culture of human intestine, liver, skin and
kidney equivalents. Lab Chip. 2015;15(12):2688-99.
https://doi.org/10.1039/C5LC00392J

Oleaga C, Bernabini C, Smith AS, Srinivasan B, Jackson M,
McLamb W et al. Multi-Organ toxicity demonstration in a
functional human in vitro system composed of four organs.
Sci Rep. 2016;6(1):20030. https://doi.org/10.1038/srep20030

Esch MB, Mahler GJ, Stokol T, Shuler ML. Body-on-a-chip
simulation with gastrointestinal tract and liver tissues
suggests that ingested nanoparticles have the potential
to cause liver injury. Lab Chip. 2014;14(16):3081-92.
https://doi.org/10.1039/C4LC00371C

Materne EM, Maschmeyer |, Lorenz AK, Horland R, Schimek
KM, Busek M et al. The multi-organ chip: a microfluidic
platform for long-term multi-tissue coculture. J Vis Exp.
2015;(98):e52526. https://doi.org/10.3791/52526

Esch MB, Ueno H, Applegate DR, Shuler ML. Modular,
pumpless body-on-a-chip platform for the co-culture of

Gl tract epithelium and 3D primary liver tissue. Lab Chip.
2016;16(14):2719-29. https://doi.org/10.1039/C6LC00461J

http://www.visaemdebate.incgs.fiocruz.br/

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Marin TM & Pagani E  Human microphysiological systems

Sung JH, Kam C, Shuler ML. A microfluidic device
for a pharmacokinetic-pharmacodynamic (PK-PD)
model on a chip. Lab Chip. 2010;10(4):446-55.
https://doi.org/10.1039/b917763a

Viravaidya K, Sin A, Shuler ML. Development of a
microscale cell culture analog to probe naphthalene
toxicity. Biotechnol Prog. 2004;20(1):316-23.
https://doi.org/10.1021/bp0341996

Sin A, Chin KC, Jamil MF, Kostov Y, Rao G, Shuler ML.
The design and fabrication of three-chamber microscale
cell culture analog devices with integrated dissolved
oxygen sensors. Biotechnol Prog. 2004;20(1):338-45.
https://doi.org/10.1021/bp034077d

Tsamandouras N, Chen WL, Edington CD, Stokes

CL, Griffith LG, Cirit M. Integrated gut and liver
microphysiological systems for quantitative in vitro
pharmacokinetic studies. AAPS J. 2017;19(5):1499-512.
https://doi.org/10.1208/512248-017-0122-4

Prot JM, Maciel L, Bricks T, Merlier F, Cotton J, Paullier

P et al. First pass intestinal and liver metabolism of
paracetamol in a microfluidic platform coupled with

a mathematical modeling as a means of evaluating

ADME processes in humans. Biotechnol Bioeng.
2014;111(10):2027-40. https://doi.org/10.1002/bit.25232

Kim JY, Fluri DA, Marchan R, Boonen K, Mohanty

S, Singh P et al. 3D spherical microtissues and
microfluidic technology for multi-tissue experiments
and analysis. J Biotechnol. 2015;205:24-35.
https://doi.org/10.1016/j.jbiotec.2015.01.003

Beer M, Kuppalu N, Stefanini M, Becker H, Schulz I, Manoli

S et al. A novel microfluidic 3D platform for culturing
pancreatic ductal adenocarcinoma cells: comparison with in
vitro cultures and in vivo xenografts. Sci Rep. 2017;7(1):1325.
https://doi.org/10.1038/541598-017-01256-8

Young EW. Cells, tissues, and organs on chips:
challenges and opportunities for the cancer tumor
microenvironment. Integr Biol. 2013;5(9):1096-109.
https://doi.org/10.1039/c3ib40076j

Nelson CM, Bissell MJ. Of extracellular matrix,

scaffolds, and signaling: tissue architecture

regulates development, homeostasis, and cancer.

Annu Rev Cell Dev Biol. 2006;22(1):287-309.
https://doi.org/10.1146/annurev.cellbio.22.010305.104315

Villasante A, Vunjak-Novakovic G. Tissue-engineered
models of human tumors for cancer research.
Expert Opin Drug Discov. 2015;10(3):257-68.
https://doi.org/10.1517/17460441.2015.1009442

Ahn J, Sei YJ, Jeon NL, Kim Y. Tumor Microenvironment

on a Chip: The Progress and Future Perspective.

Vigil. sanit. debate 2018;6(2):74-91 | 88



R

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Bioengineering (Basel). 2017;4(3):E64.
https://doi.org/10.3390/bioengineering4030064
Domenech M, Yu H, Warrick J, Badders NM, Meyvantsson
I, Alexander CM et al. Cellular observations enabled

by microculture: paracrine signaling and population
demographics. Integr Biol. 2009;1(3):267-74.
https://doi.org/10.1039/b823059%¢

Albanese A, Lam AK, Sykes EA, Rocheleau JV, Chan

WC. Tumour-on-a-chip provides an optical window into
nanoparticle tissue transport. Nat Commun. 2013;4:2718.
https://doi.org/10.1038/ncomms3718

Matsumura Y, Maeda H. A new concept for macromolecular
therapeutics in cancer chemotherapy: mechanism of
tumoritropic accumulation of proteins and the antitumor
agent smancs. Cancer Res. 1986;46(12 Pt 1):6387-92.

Vasey PA, Kaye SB, Morrison R, Twelves C, Wilson P,
Duncan R et al. Phase | clinical and pharmacokinetic
study of PK1 [N-(2-hydroxypropyl)methacrylamide
copolymer doxorubicin]: first member of a new class of
chemotherapeutic agents-drug-polymer conjugates. Clin
Cancer Res. 1999;5(1):83-94.

Westein E, Meer AD, Kuijpers MJ, Frimat JP, Berg

A, Heemskerk JW. Atherosclerotic geometries
exacerbate pathological thrombus formation
poststenosis in a von Willebrand factor-dependent
manner. Proc Natl Acad Sci USA. 2013;110(4):1357-62.
https://doi.org/10.1073/pnas.1209905110

Fernandes JT, Chutna O, Chu V, Conde JP, Outeiro TF. A
novel microfluidic cell co-culture platform for the study
of the molecular mechanisms of Parkinson’s disease and
other synucleinopathies. Front Neurosci. 2016;10:511.
https://doi.org/10.3389/fnins.2016.00511

Villenave R, Wales SQ, Hamkins-Indik T, Papafragkou
E, Weaver JC, Ferrante TC et al. Human gut-on-
a-chip supports polarized infection of coxsackie

B1 virus in vitro. PLoS One. 2017;12(2):e0169412.
https://doi.org/10.1371/journal.pone.0169412

Jain A, Meer AD, Papa AL, Barrile R, Lai A, Schlechter
BL et al. Assessment of whole blood thrombosis

in a microfluidic device lined by fixed human
endothelium. Biomed Microdevices. 2016;18(4):73.
https://doi.org/10.1007/s10544-016-0095-6

Chen XM, Elisia I, Kitts DD. Defining conditions for the
co-culture of Caco-2 and HT29-MTX cells using Taguchi
design. J Pharmacol Toxicol Methods. 2010;61(3):334-42.
https://doi.org/10.1016/j.vascn.2010.02.004

Imura Y, Asano Y, Sato K, Yoshimura E. A

microfluidic system to evaluate intestinal
absorption. Anal Sci. 2009;25(12):1403-7.
https://doi.org/10.2116/analsci.25.1403

http://www.visaemdebate.incgs.fiocruz.br/

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

11.

112.

Marin TM & Pagani E  Human microphysiological systems

Natoli M, Leoni BD, D’Agnano |, Zucco

F, Felsani A. Good Caco-2 cell culture
practices. Toxicol In Vitro. 2012;26(8):1243-6.
https://doi.org/10.1016/j.tiv.2012.03.009

Gripon P, Rumin S, Urban S, Le Seyec J, Glaise D, Cannie |
et al. Infection of a human hepatoma cell line by hepatitis
B virus. Proc Natl Acad Sci USA. 2002;99(24):15655-60.
https://doi.org/10.1073/pnas.232137699

Liu Y, Du J, Choi JS, Chen KJ, Hou S, Yan M et al.

A high-throughput platform for formulating and
screening multifunctional nanoparticles capable of
simultaneous delivery of genes and transcription
factors. Angew Chem Int Ed Engl. 2016;55(1):169-73.
https://doi.org/10.1002/anie.201507546

Yamanaka S. A fresh look at iPS cells. Cell. 2009;137(1):13-7.
https://doi.org/10.1016/j.cell.2009.03.034

Soldner F, Jaenisch R. Medicine. iPSC disease
modeling. Science. 2012;338(6111):1155-6.
https://doi.org/10.1126/science.1227682

Bellin M, Marchetto MC, Gage FH, Mummery CL. Induced
pluripotent stem cells: the new patient? Nat Rev Mol Cell
Biol. 2012;13(11):713-26. https://doi.org/10.1038/nrm3448

Olarerin-George AO, Hogenesch JB. Assessing the
prevalence of mycoplasma contamination in cell culture
via a survey of NCBI’s RNA-seq archive. Nucleic Acids Res.
2015;43(5):2535-42. https://doi.org/10.1093/nar/gkv136

Hughes P, Marshall D, Reid Y, Parkes H, Gelber C. The
costs of using unauthenticated, over-passaged cell
lines: how much more data do we need? Biotechniques.
2007;43(5):575-86. https://doi.org/10.2144/000112598

Kleensang A, Vantangoli MM, Odwin-DaCosta S, Andersen
ME, Boekelheide K, Bouhifd M et al. Erratum: genetic
variability in a frozen batch of MCF-7 cells invisible in
routine authentication affecting cell function. Sci Rep.
2016;6(1):33011. https://doi.org/10.1038/srep33011

Baker M. Reproducibility: respect your cells! Nature.
2016;537(7620):433-5. https://doi.org/10.1038/537433a

Groothuis FA, Heringa MB, Nicol B, Hermens JL,
Blaauboer BJ, Kramer NI. Dose metric considerations
in in vitro assays to improve quantitative in vitro-in
vivo dose extrapolations. Toxicology. 2015;332:30-40.
https://doi.org/10.1016/j.tox.2013.08.012

Kramer NI, Hermens JL, Schirmer K. The influence of
modes of action and physicochemical properties of
chemicals on the correlation between in vitro and acute
fish toxicity data. Toxicol In Vitro. 2009;23(7):1372-9.
https://doi.org/10.1016/j.tiv.2009.07.029

Dormont D. Transmissible spongiform encephalopathy
agents and animal sera. Dev Biol Stand. 1999;99:25-34.

Vigil. sanit. debate 2018;6(2):74-91 | 89



R

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Wessman SJ, Levings RL. Benefits and risks due to animal
serum used in cell culture production. Dev Biol Stand.
1999;99:3-8.

Hawkes PW. Fetal bovine serum: geographic

origin and regulatory relevance of viral

contamination. Bioresour Bioprocess. 2015;2(1):34.
https://doi.org/10.1186/s40643-015-0063-7

Brunner D, Frank J, Appl H. Sch?ffl H, Pfaller W,
Gstraunthaler G. Serum-free cell culture: the serum-free
media interactive online database. ALTEX. 2010;53-62.
https://doi.org/10.14573/altex.2010.1.53

Gstraunthaler G, Rauch C. Feifel, Lindl T. Preparation of
platelet lysates for mesenchymal stem cell culture media.
J Stem Cells Res Rev Rep. 2015;2(1):1021.

Valk J, Mellor D, Brands R, Fischer R, Gruber F,
Gstraunthaler G et al. The humane collection of fetal
bovine serum and possibilities for serum-free cell
and tissue culture. Toxicol In Vitro. 2004;18(1):1-12.
https://doi.org/10.1016/j.tiv.2003.08.009

Valk J, Bieback K, Buta C, Cochrane B, Dirks
WG, Fu J et al. Fetal Bovine Serum (FBS): past
- present - future. ALTEX. 2018;35(1):99-118.
https://doi.org/10.14573/altex.1705101

Bieback K. Platelet lysate as replacement for

fetal bovine serum in mesenchymal stromal cell
cultures. Transfus Med Hemother. 2013;40(5):326-35.
https://doi.org/10.1159/000354061

Burnouf T, Goubran HA, Chen TM, Ou KL, El-Ekiaby
M, Radosevic M. Blood-derived biomaterials

and platelet growth factors in regenerative
medicine. Blood Rev. 2013;27(2):77-89.
https://doi.org/10.1016/j.blre.2013.02.001

Hemeda H, Giebel B, Wagner W. Evaluation of human
platelet lysate versus fetal bovine serum for culture of
mesenchymal stromal cells. Cytotherapy. 2014;16(2):170-
80. https://doi.org/10.1016/j.jcyt.2013.11.004

Shih DT, Burnouf T. Preparation, quality
criteria, and properties of human blood platelet
lysate supplements for ex vivo stem cell
expansion. N Biotechnol. 2015;32(1):199-211.
https://doi.org/10.1016/j.nbt.2014.06.001

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. https://doi.org/10.1039/C41B00292J

Zhang B, Radisic M. Organ-on-a-chip devices
advance to market. Lab Chip. 2017;17(14):2395-420.
https://doi.org/10.1039/C6LCO1554A

lori E, Vinci B, Murphy E, Marescotti MC, Avogaro

A, Ahluwalia A. Glucose and fatty acid metabolism

http://www.visaemdebate.incgs.fiocruz.br/

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Marin TM & Pagani E  Human microphysiological systems

in a 3 tissue in-vitro model challenged with normo-
and hyperglycaemia. PLoS One. 2012;7(4):e34704.
https://doi.org/10.1371/journal.pone.0034704

Guzzardi MA, Domenici C, Ahluwalia A. Metabolic
control through hepatocyte and adipose tissue cross-
talk in a multicompartmental modular bioreactor.
Tissue Eng Part A. 2011;17(11-12):1635-42.
https://doi.org/10.1089/ten.tea.2010.0541

Wikswo JP, Block FE 3rd, Cliffel DE, Goodwin CR,
Marasco CC, Markov DA et al. Engineering challenges for
instrumenting and controlling integrated organ-on-chip
systems. IEEE Trans Biomed Eng. 2013;60(3):682-90.
https://doi.org/10.1109/TBME.2013.2244891

Maass C, Stokes CL, Griffith LG, Cirit M. Multi-functional
scaling methodology for translational pharmacokinetic
and pharmacodynamic applications using integrated
microphysiological systems (MPS). Integr Biol.
2017;9(4):290-302. https://doi.org/10.1039/C61B00243A

Miller PG, Shuler ML. Design and demonstration of a pumpless
14 compartment microphysiological system. Biotechnol Bioeng.
2016;113(10):2213-27. https://doi.org/10.1002/bit.25989

Wikswo JP, Curtis EL, Eagleton ZE, Evans BC, Kole

A, Hofmeister LH et al. Scaling and systems biology

for integrating multiple organs-on-a-chip. Lab Chip.
2013;13(18):3496-511. https://doi.org/10.1039/c3lc50243k

Sung JH, Srinivasan B, Esch MB, McLamb WT, Bernabini
C, Shuler ML et al. Using physiologically-based
pharmacokinetic-guided “body-on-a-chip” systems to
predict mammalian response to drug and chemical
exposure. Exp Biol Med (Maywood). 2014;239(9):1225-39.
https://doi.org/10.1177/1535370214529397

Moraes C, Labuz JM, Leung BM, Inoue M, Chun TH,
Takayama S. On being the right size: scaling effects in
designing a human-on-a-chip. Integr Biol. 2013;5(9):1149-61.
https://doi.org/10.1039/c3ib40040a

Sung JH, Esch MB, Prot JM, Long CJ, Smith A, Hickman JJ

et al. Microfabricated mammalian organ systems and their
integration into models of whole animals and humans. Lab
Chip. 2013;13(7):1201-12. https://doi.org/10.1039/c3lc41017j

Ding BS, Nolan DJ, Butler JM, James D, Babazadeh
AO, Rosenwaks Z et al. Inductive angiocrine signals
from sinusoidal endothelium are required for

liver regeneration. Nature. 2010;468(7321):310-5.

https://doi.org/10.1038/nature09493

Ahadian S, Ramon-Azcon J, Ostrovidov S, Camci-Unal
G, Hosseini V, Kaji H et al. Interdigitated array of Pt
electrodes for electrical stimulation and engineering of
aligned muscle tissue. Lab Chip. 2012;12(18):3491-503.
https://doi.org/10.1039/c21c40479f

Vigil. sanit. debate 2018;6(2):74-91 | 90



;QQ Marin TM & Pagani E  Human microphysiological systems

136. Johnstone AF, Gross GW, Weiss DG, Schroeder OH, 138. Murphy SV, Atala A. 3D bioprinting of tissues
Gramowski A, Shafer TJ. Microelectrode arrays: a and organs. Nat Biotechnol. 2014;32(8):773-85.
physiologically based neurotoxicity testing platform for https://doi.org/10.1038/nbt.2958

the 21st century. Neurotoxicology. 2010;31(4):331-50.
https://doi.org/10.1016/j.neuro.2010.04.001

137. Ferrell N, Desai RR, Fleischman AJ, Roy S, Humes HD, Fissell
WH. A microfluidic bioreactor with integrated transepithelial

139. Organovo Holdings INC. ExViveTM human tissue models &
services for research. San Diego: Organovo; 2018.

140. Amin R, Knowlton S, Hart A, Yenilmez B,

electrical resistance (TEER) measurement electrodes for Ghaderinezhad F, Katebifar S et al. 3D-printed
evaluation of renal epithelial cells. Biotechnol Bioeng. microfluidic devices. Biofabrication. 2016;8(2):022001.
2010;107(4):707-16. https://doi.org/10.1002/bit.22835 https://doi.org/10.1088/1758-5090/8/2/022001

Acknowledgements
To Célia Maria Gaudéncio and Roberta Francese Paiva, for the technical assistance provided in the conduction of this study.

Conflict of Interest
Authors have no potential conflict of interest to declare, related to this study’s political or financial peers and institutions.

@ ® This publication is licensed under the Creative Commons Attribution 3.0 Unported license.
To view a copy of this license, visit http://creativecommons.org/licenses/by/3.0/deed.pt.

http://www.visaemdebate.incgs.fiocruz.br/ Vigil. sanit. debate 2018;6(2):74-91 | 91



