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ABSTRACT

Microfluidic organs-on-chips (OoCs) technology has emerged as the trend for in vitro functional modeling of organs in recent years.
Simplifying the complexities of the human organs under controlled perfusion of required fluids paves the way for accurate prediction of
human organ functionalities and their response to interventions like exposure to drugs. However, in the state-of-the-art OoC, the existing
methods to control fluids use external bulky peripheral components and systems much larger than the chips used in experiments. A new
generation of compact microfluidic flow control systems is needed to overcome this challenge. This study first presents a structured
classification of OoC devices according to their types and microfluidic complexities. Next, we suggest three fundamental fluid flow control
mechanisms and define component configurations for different levels of OoC complexity for each respective mechanism. Finally, we
propose an architecture integrating modular microfluidic flow control components and OoC devices on a single platform. We emphasize
the need for minijaturization of flow control components to achieve portability, minimize sample usage, minimize dead volume, improve the
flowing time of fluids to the OoC cell chamber, and enable long-duration experiments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074156

I. INTRODUCTION, REVIEW, AND ANALYSIS

Microfluidic  organs-on-chips (OoCs) technology enables
mimicking organ functions on a chip. Over the past 20 years, OoC
devices were developed as an alternative to in vitro 2D and 3D cell
culture systems. They mimic the physicochemical microenviron-
ments, tissue-tissue interactions, and vascular perfusion in preclini-
cal stages and can be used for drug development.' OoC devices are
designed to model human physiology and diseases by using living
human cells in a controlled environment, micrometer-sized cell
chambers, and channels.” These microfluidic devices mimic the
human body in a microenvironment by reproducing certain fluid
flows, such as blood and/or airflow.” A variety of review papers
focus on the recent advances and future prospects for OoC
applications”™” while some others focus on more specific topics,
such as mechanical stimuli on OoC devices® and integration of

0o0C devices for multi-organ chips.” On the other hand, OoC
devices are becoming more complex as they are applied to applica-
tions like human-on-a-chip. This requires a peripheral system with
multiple components and connections, leading to very bulky solu-
tions. Therefore, there is a need for miniaturizing and integrating
the peripheral fluid flow control components.

In this article, first, we review and analyze the state-of-the-art
OoC devices and their complexity. Second, we propose an architec-
ture for connecting flow control components for OoC devices.
Finally, we provide our perspective on modularity, integration,
miniaturization, and portability needs for future OoC experiments.

A. Structural complexity in OoC devices

Accurate and stable fluid flow is essential in the OoC devices.
The complexity of flow control requirements in OoC devices
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depends on the complexity of the mimicked function. A general
schematic representation of various OoC devices mimicking single
organs is shown in Fig. 1. Depending on the chemical and biological
analysis, type of organ function, or physiological system, the struc-
tural complexity of the OoC devices varies. The simplest OoC device
contains one single cell chamber having one cell type and one fluid
flow channel [Fig. 1(a)]. These simple OoC devices are, in general,
utilized for studying the physiology of the cells related to a particular
organ and the influence of different fluids over them.'”™"” Single
chamber OoC devices can also be designed to have two or more
fluid flow channels. In the two-channel configuration, one of the
channels is used for cell medium flow while the other one can be
used for flowing gases or different doses of drugs to investigate their
reaction to organ functions'*"” [Fig. 1(b)]. Double cell chamber
OoC devices are developed by stacking one over the other to study
tissue interactions and to establish vascular perfusion.'® They
consist of upper and bottom cell chambers, with a membrane sepa-
rating them each having independent flow channels [Fig. 1(c)].
Different cell types are grown on both sides of the membrane. In
some OoC applications, additional lateral side channels are added to
provide sufficient media flow to the main cell chamber.”””* In many
cases, these side channels have no fluidic interaction with the cell
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chambers and are used to investigate mechanical effects on the
membrane by lateral stretching” ™" [Fig. 1(d)].

Multiple cell chambers were also made for certain single organs
such as kidney,32 skin,” heart,”* and intestine.”® The structural com-
plexity can be further increased to multi-organ functions and inter-
actions by connecting two or more organs "' in multiple
chambers, such as the gastrointestinal tract,”? four-organs,'13 and
immune system.”’ The most intricate OoC device is a body or
human-on-a-chip having multiple organ chambers and multiple
channels, with a supply of different fluids at different flow rates.*”™**
Table I summarizes some of the literature on various structural com-
plexity levels of OoC applications and relates these to the microflui-
dic complexity levels. The microfluidic complexity levels are
categorized into single, double, and multiple cell/tissue culture cham-
bers. Each of these could have single, double, or multiple fluid flow
channels. The OoC applications are categorized into single organ,
system-on-a-chip, and complete body/human-on-a-chip.

B. State-of-the-art commercial OoC devices

Several commercially available OoC devices were developed by
various companies to meet the needs of multi-organ functions.

Fluid channels
(top & bottom

Upper cell
chamber

Porous
membrane

________________________________________

FIG. 1. General schematic representations of various basic OoC devices: (a) the simplest OoC device having a single cell chamber and a single fluid channel and (b) an
0oC device having a single cell chamber and two fluid channels. One of the fluid channels is to flow cell medium and the other for various drug doses. (c) A double cell
chamber and two fluid channels OoC device for mimicking vascularization. This device has upper and lower cell chambers with a micro-fabricated porous elastic mem-
brane at the interface of the chambers. (d) A mechanically stretchable membrane in the OoC device having a double cell chamber and multiple fluid channels. The upper
cell chamber can be used to flow air periodically to mimic the lung function. This device is also equipped with two isolated side channels along with the cell chambers. A
lateral elongation of the elastic membrane is obtained by applying a vacuum on the side channels, which induces mechanical stretching of the adherent cell layers on the

membrane.
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E’ ) PR Some of these companies and their OoC device microfluidic com-
g E = - E = plexity levels are shown in Table II. AlveoliX developed AX12
S| 82 .85 88 v lung-on-chip device to recreate the air-blood barrier of lung
=il S8y EDN- £ & alveoli.”” It is based on a 96-well plate format and 12 samples per
E] 3S = o a5 S § o . . . Lo
o Sl za53Fsed device could be tested in parallel. The initial sample loading is
2 done via pipetting. This device has an ultrathin membrane mimick-
El o = ing the breathing motion using under-pressure. The device is com-
S —'_g g patible with readouts, such as transepithelial/endothelial electrical
;& 8 j:: resistance (TEER), enzyme-linked immunosorbent assay (ELISA),
% reverse transcription polymerase chain reaction (RT-PCR), and
S flow cytometry. Bi/OND Solutions B.V. developed inCHIPit™,
_ which is a microfluidic device having an open-cell/tissue chamber
- connected to a microfluidic channel through a porous membrane.*’
£ g To connect the device to perfusion systems, a compact and reusable
@ g
© six-well plate branded as comPLATE™ is used. Hesperos Inc.
developed Human-on-a-Chip®, which is capable of creating toxicol-
e ogy models with several interlinked organs.”’ Emulate Inc. devel-
g oped the Chip-S1 stretchable chip, which can be configured to
S emulate different organs.”” The device recreates a dynamic cellular
. c microenvironment of the human body, including tissue-to-tissue
2 = interfaces, media flow, and mechanical forces. It has multiple
Es microchannels and a double cell chamber with a stretchable mem-
S| e brane in between. Akura™ Flow developed by InSphero Inc. is
= 25 used for pre-clinical efficacy and toxicity testing applications in a
8RS multi-tissue, microfluidic assay format.”> A gravity-induced flow by
- using a tilting medium perfusion system is applied in this device. A
o3 smart multi-electrode array-chip for pharmacological research was
s g developed by Micronit Microtechnologies B.V. and IMEC.”* The
%S device is based on a 16-well plate format. Hence, multiple tests can
= be performed in parallel. Mimetas B.V. developed OrganoPlatei
g which is a microfluidic 3D cell culture plate having 96 wells.”
j:: Conti.nuous Perfuswn is. done ‘by a gravity—drwen leveling syst.eng(.
= ParVivo™ disposable microfluidic chip was developed by Nortis.™
g The device has different configurations with various degrees of
5 microfluidic complexity. Cells are pre-seeded to the device and it is
’g o3 required to connect an external perfusion device to create con-
=8 E trolled fluid flow. PIMCELL is an OoC device developed by PimBio
o8& B.V.”” The device has a single chamber and double channel struc-
EP ture and is based on a six-well plate format. These double channels
& < provide “arterial” perfusion and “venous” perfusion to the open
g access cell chamber. SynVivo Inc. developed different OoC devices
j:: having a single/double/multiple chamber and multichannel
Y structures such as idealized co-culture chips (IMN2/IMN3 linear
x and IMN2/IMN3 radial) and microvascular network chips
2 (SMN1/SMN2/SMN3) for different tissue and organ studies.”
o = HUMIMIC™ chips are developed by TissUse GmbH.” These
5 g 4 chips are applicable to any kind of cell types or tissues in multiple
g* g £ formats. HUMIMIC Chip2 allows co-cultures. On-chip micro-
S "E g\ pumps to create recirculation are controlled by external pressurized
2 S% air or vacuum systems to provide pulsatile flow in these devices.
! - Some of these OoC device companies also provide perfusion
S '*_'"8 /s = units specific to their own OoC devices. AlveoliX brings
E18/F ® AXExchanger and “*Breather to drive the medium and create
8| = = E‘ & pneumatic control on the deflection of the microdiaphragm
Y %‘;& - g inside the AX12, respectively. These external units are in desktop
o 2 g 5 £ sizes and connected to the AX12 by external tubings.”” Emulate
=3 c8|laz2 Inc. provides additional modules such as POD-1 to bring
Biomicrofluidics 16, 021302 (2022); doi: 10.1063/5.0074156 16, 021302-4
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TABLE IIl. Commercially available OoC devices, applications, and microfluidic complexities as shown in Fig. 1 and their combinations.

Company and OoC device name

Applied tissue/organ/system

Microfluidic complexity Representative image(s)

Micronit Microtechnologies B.V. &
IMEC
Smart multi-electrode array-chip

AlveoliX
AXI2
PimBio B.V.
PIMCELL

Bi/OND
inCHIPit-3C™

Emulate Inc.
Chip-S1

Hesperos Inc.
Human-on-a-chip

InSphero Inc.
Akura™

Mimetas B.V.
OrganoPlate®

Nortis
ParVivo™

SynVivo Inc.

IMN 2¢&3 series (linear and radial)
TissUse GmbH

HUMIMIC™

Complex tissue models, heart

Lung

Gut, 3D cell culture

3D tissues

Lung, brain, kidney, liver,
intestine

2-organ, 3-organ, and 4-organ
models

Multi-tissues

3D tissues and organ models

3D co-culture of organotypic
cells

Lung, blood-brain barrier,
cancer
2-organ and 4-organ models

Single chamber and single
channel

Single chamber and double )
channel

Single chamber and
multichannel

Double chamber and
multichannel

Multiple chambers and single
channel

Multiple chambers and double
channel

Multiple chambers and
multichannel

portability and integration to one OoC device (Chip-S1), a
desktop-sized culture module (ZOE-CM1) to control fluid flow
up to 12 OoC devices.”’ Mimetas B.V. developed an external per-
fusion unit to provide continuous fluid flow in their OoC device.
OrganoFlow L is established by passive leveling of liquids as
adjustable rocking angles (0° to +25°) and can fit into the

incubators.”” Nortis provides portable mini-bioreactors for perfu-
sion of ParVivo chips to be fitted in incubators. To drive the bio-
reactor, an external pneumatic pump is needed.”® SynVivo
provides a pneumatic primer for automated priming of their
co-culture OoC devices. This unit is then connected to a pressure

3
SOI.II’CC.6
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In addition to these efforts, some other peripheral flow control
components providers, such as Elveflow,” Fluigent,”> Convergence
Industry B.V.,°® and Dolomite Microfluidics,®” focus on developing
peripheral systems to support organ-on-chips in terms of automated,
accurate, and stable fluid flow control. They are used in many appli-
cations, which are shown in Table I. These systems typically consist
of flow/pressure controllers and flow sensors to monitor the flow
under dynamic flow conditions. Such peripheral devices provide the
ability to perform long-term, reproducible fluid flow for the
experiments.

C. Analysis of literature on OoC peripheral control
components

The functions needed to realize an OoC are to perform con-
trolled fluid (gases and liquids) flow and to monitor vital parame-
ters (temperature, pH, and fluorescence) with an aim of mimicking
cell microenvironment in vivo. These functions are achieved by a
combination of passive and active microfluidic components.”*™"”
Various microfluidic fabrication technologies have enabled the pro-
duction of flow channels, culture chambers, membranes, and their
complex combinations. These devices are usually passive. External
energy sources and control systems are needed to activate the func-
tions. Most of the focus so far has been on the development of the
OoC devices and their combinations.

Despite OoC devices being small, the external peripheral
systems that provide controlled fluid flow are bulky and difficult to
integrate. As an example, the size of lung-on-a-chip is about a con-
ventional glass slide (75 x 25 mm?), whereas the peripheral pres-
sure/flow control unit typically occupies a benchtop space.”*””*
This is particularly a disadvantage if more complex flow control is
required for multiple organs-on-chips, multiple flow rates, multiple
channels, multiple chambers, and multiple media. Such applica-
tions require a complex peripheral system with multiple compo-
nents and connections. With the present state-of-the-art
technology, this leads to very bulky solutions. Therefore, there is a
need for significantly miniaturizing and integrating the peripheral
fluid flow control components. That will improve ease of use with
different analytical instruments without having to disconnect
tubings/cables from OoC, significantly reduces the sample volume
usage, reduces unnecessary dead volume in connecting tubes,
increases reaching time of chemicals to the OoC cell chamber, and
enables to conduct long-term experiments (of the order of several
days up to several weeks)."”””*" Hence, the design of the various
fluid flow control components like pumps, valves, fluid selectors
(multiplexers), flow sensors, and flow controllers need to be revis-
ited. They should be miniaturized with ease of integration on a
suitable platform in a modular format.

Depending on the application, the fluid types that are used in
OoC devices vary from liquids (different cell culture media) to
gases (air, oxygen, CO,). Vacuum can also be applied when a
mechanical stimulus is needed on the cell chambers. Fluid flow
rates for different OoC applications vary between a minimum of
1 ul/min and a maximum of 100 ul/min.>*" Other requirements for
the fluid flow can be defined as bubble-free and fluctuation-free
flow to protect cells from high shear stresses.”*"*

PERSPECTIVE scitation.org/journal/bmf

Il. ARCHITECTURE DESIGN
A. Requirements of the architecture

To improve the ease of overall fluid flow control in an OoC
device, the peripheral components that connect with the OoC
device should allow modularity, integration, miniaturization, and
portability.

1. Modularity and integration

Combining various peripheral control components and micro-
fluidic functions onto one single platform is challenging with
state-of-the-art technology.”” Therefore, a flexible modular integra-
tion approach is needed for designing OoC platform architecture.
It should enable OoC devices and peripheral components to be
assembled on a generic substrate as modules. The modular combi-
nation of different components on the platform brings configura-
tional flexibility for different applications. Needs for various flow
patterns (continuous, pulsatile, and discrete flow®), flow stability
(short term and long term), and flow speed indicate that an active
fluid displacement source is essential for fluid flow control.

The basic microfluidic flow control peripheral components
and their modular connection configurations are shown in Fig. 2.

They are divided [Figs. 2(a)-2(e)] into different requirements
of OoC experiments. The intensity of the yellow color shade repre-
sents the level of complexity of the modular connection for those
needs. The darker the shade, the higher the complexity. The selec-
tion criteria of a configuration in each requirement depend on the
choice of the fluid flow control mechanism, i.e., push, push-pull, or
pull. In a push mechanism, the fluid in the reservoir is pushed into
the microfluidic network either directly with a flow source (blue
line represents liquid flow) or indirectly by using a pressure source
(red line represents gas flow). In a push-pull mechanism, the fluid
displacement is done via reciprocating”~*" or rotary®® principles.
In a pull mechanism, an under-pressure (vacuum) is created at the
outlet to enable fluid flow through the microfluidic network either
directly with a flow source or indirectly with a vacuum source. The
strengths and limitations of these mechanisms are given in
Table III.

For the single chamber and single channel situation [Fig. 2(a)],
the components required are a fluid reservoir, pump, flow controller,
OoC device, and waste reservoir. Flow controller can be positioned
before or after the OoC device or pump. For example,
tumor-on-a-chip from Li et al. (2016)"° (Table I), uses a microfluidic
perfusion system with a push mechanism.

For recirculation, the connection configuration is shown in
Fig. 2(b). All the outlet reservoirs should be connected to the inlet
reservoirs in a closed-loop. The push mechanism needs an extra
one-way valve in the feedback, whereas a push-pull needs a simple
feedback connection of the outlet reservoir to the inlet reservoir. It
needs three shut-off valves in the microfluidic circuit. Valves 1 and
2 are open and valve 3 is closed when the fluid is flowing through
the OoC. During recirculation, valves 1 and 2 are closed and valve
3 is open. Active recirculation is used for oxygenation of media®’
and drug toxicity tests.”’ Passive recirculation is used in
OrganoPlate® of Mimetas B.V. organ chip models (Table II).
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FIG. 2. Fluid flow control configurations for different requirements of OoCs. Each requirement can be accomplished by one of the flow control mechanisms: push,
push-pull, or pull. The first level of complexity is in light yellow color: (a) single chip and single channel configurations, (b) recirculation configurations, and (c) multiple chip
configurations. The second level of complexity is in yellow: (d) multiple channel configurations. The third level of complexity is in dark yellow: (€) multi-fluids/multi-phase
configurations. The components: (f) the definition of symbols used in the configurations. These configurations can be used for the applications given in Table |.
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TABLE lll. Comparison of fluid flow control mechanisms as shown in Fig. 2 and relevant reference studies.

Fluid handling
mechanisms Strengths Limitations Reference
Push « Syringe pumps/Pressure controllers  « Syringe pumps or pressure sources are bulky. 3,4,6-8,11,13,17,22,29,30

mechanism are widely available.

« Fluctuation-free flow with pressure
source.

« For multiple channels to OoC: Single

pressure source would suffice.

Push-pull
mechanism

« Pumps have small footprint. Ideal
for portability.

« Pumps can be exchanged as
modules.

« Pump can be used as flow controller
if separate pumps are connected to
each channel to OoC.

« Recirculation without extra
components.

Pull o Fluctuation-free fluid flow with
mechanism  vacuum source.

« Fluctuations with syringe pump.

« Flow controller needed for every flow channel
to OoC.

« Spills liquid if there are leakages.

« For multiple channels to OoC: Need multiple
of them if syringe pump is used.

« Every flow channel to OoC needs a separate
pump

« Spills liquid if there are leakages

5,9,10,12,14,16,27,31-35,37,38,40

« Pulsating flow. Need extra fluctuation
damping mechanism for smooth flow.

« Preferably different pump for different fluid
phase.

o Vacuum pumps are bulky. Miniature vacuum
pumps cannot create enough vacuum or need
repeated vacuum generation. Syringe pumps are
bulky.

19,23,24

For multi-fluid or multi-phase liquids, shown in Fig. 2(c), the
flow rate for each liquid is maintained by flow controllers and a
single pump suffices in all three mechanisms. A push mechanism
for multiple fluids and multi-phase is used in Huh et al. (2010)”'
(Table I).

For single chamber-multiple channels, shown in Fig. 2(d), the
configurations become a bit complex. The advantage of using a
push or a pull mechanism here is that only one pump would

suffice for multiple channels, and the required flow rate is main-
tained by the flow controllers. However, for the push-pull mecha-
nism, the number of pumps needed is proportional to the number
of flow channels. For example, Weinberg et al. (2008)*” uses push
mechanism and Sriram et al. (2018)" uses push-pull mechanism.

For multiple chips, shown in Fig. 2(e), the configurations
become the most complex, for example, Novak et al. (2020)’18 who
use a push mechanism in their setup.

TABLE IV. Fluid flow control mechanisms and required components for increasing complexity of the configurations shown in Fig. 2.

Fluid handling mechanisms

OoC functional complexity Push mechanism

Push-pull mechanism Pull mechanism

Single channel to Multi-channel (n) 1 pump

n flow controllers
Single fluid to multi-fluids (n) 1 pump

n flow controllers
Single phase to multi-phase (n) 1 pump

n flow controllers
Single chip to multi-chip (n) 1 pump

Single pass to recirculation

n Flow controllers

Extra component: 1-way valve

n pumps 1 pump

n flow controllers n flow controllers
1 pump 1 pump

n flow controllers n flow controllers
n pumps 1 pump

n flow controllers n flow controllers
1 pump 1 pump

n flow controllers

No extra components

n flow controllers
Extra components: 3 shut-off valves
1 two-step flow
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Note that each fluid type, channel, or chip needs a pump and
proportional flow controller in all these configurations. Table 1V
summarizes the required unit function components for each
mechanism and different configurations.

2. Portability and miniaturization

Controlled conditions, such as oxygen and carbon dioxide
levels, pH, and temperature, are crucial for the viability of the cells in
00C chambers during experiments. These conditions are currently
provided by cell culture incubators. To keep the cell viability condi-
tions, to monitor cell proliferation, to move cells between different
analytical instruments, the OoC platform should be portable. For
example, the platform should be easy to move in/out of an incubator
without disturbing the fluid flow control: (a) to a standard fluores-
cence microscope, (b) confocal microscope, (c¢) Raman spectroscope,
and (d) chromatography system. It is even desired to develop a cell
culture environment on the platform itself enabling long-term exper-
iments. Therefore, there is a need to develop on-chip functions like
incubator-on-chip and pH-control-on-chip. These functions are
obtained by additional components such as heaters, temperature
sensors, oxygenators, pH sensors, and corresponding electronics
integrated on the platform in modules.

Isometric view

Reservoirs

Power units & , |
Electronics layer

Fluidic
connections layer

PERSPECTIVE scitation.org/journal/bmf

In order to achieve portability in OoC platforms, miniaturiza-
tion of the peripheral components that control the fluid flow has
an important role. Having more than one unit function in a plat-
form requires multiplied component numbers depending on the
requirements of the experiment leading to an increase in the foot-
print of the total platform. Therefore, there is a need to miniaturize
external flow control peripheral systems in order to bring OoC
devices and control components onto a single portable platform.
Furthermore, having a modular architecture to connect various
peripheral components on the platform enables the easy exchange
of different peripheral systems. The other challenge is to bring elec-
trical and fluidic components and their respective connections
together on a single platform.

Along with miniaturization and portability, accurate and
stable flow control is also required. For example, to investigate fluid
shear stress effects on cells’”* with a very low perfusion speed
(typically 0.83-1.67 ul/min).”> A wide range of shear stress ampli-
tudes is applied on different types of cells from lowest values as
1.5% 107*-4.1 x 107* Pa to highest values up to 13 Pa.”" A luminal
fluid shear stress of 0.02-2 Pa was reported to mimic urinary flow
in a kidney-on-a-chip device' and a fluid-induced shear stress of
1.5 Pa was obtained in a human-breathing lung-on-a-chip device to
precondition the endothelial cells.”' The typical duration for shear
stress experiments is between a few hours to 30 days in some

FIG. 3. A microfluidic platform architecture of push-pull mechanism designed for double channel and double chamber OoC device [Fig. 1(c)]. This example configuration
is suitable for kidney-on-chip [Jang et al. (2013)** shown in Table |] and uses a modular configuration of push-pull mechanism as shown in Fig. 2(d) with the addition of
microfluidic multiplexer to the second channel to switch between the different fluids in the reservoirs. Microfluidic components are connected via interconnections to the
fluidic (blue) and electronics (yellow) layers. Upright and inverse microscopic imaging is possible via the OoC hub window. The fluidic components can be exchanged
when needed on the top layer (out of plane) to permit modifications of desired configurations.
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cases. To provide accuracy and stability in fluid flow, integrated
95

sensors and actuators are needed.

B. Proposed architecture

We propose a three-layered modular, integrated, and portable
microfluidics platform for the next generation OoC experiments
(Fig. 3). The top layer is for components, the middle layer is for the
microfluidic network, and the bottom layer is for electronics. In the
top component layer, the physical components like the OoC, reser-
voirs, pumps, flow controllers, and sensors are mounted in
modules. In the middle microfluidics layer, the microfluidic
network of channels carrying the fluid flow is located. The channel
paths are application-specific, that is, optimized for minimum dead
volume and desired fluidic resistance. The channels can be manu-
factured by 3D printing, injection molding, replication methods,
etc. The other option for this layer is to create a microfluidic bread-
board with many channels running parallel with options to tap
from the top. The channels should have appropriate fluidic ports at
the top components layer for connections.

The bottom electronics layer consists of a rechargeable battery,
power/control electronic printed circuit boards (PCBs), computer
interface (if necessary), and Bluetooth for wireless data transfer.
The electrical connections to the components on the top layer go
through the microfluidics layer. The region where the OoC is
mounted should be made open and accessible to the microscope
for visualization.

The opening should be designed to mount the OoC at various
depths suitable for both upright microscopes and inverted micro-
scopes. The proposed architecture can be implemented for all the
configurations described in Fig. 2.

Pressure
controller

Reservoirs
Flow

controllers

[ 0o0C
\ | device @‘
S / —

O ey, "

(@Y

Components
layer

™ Power units &
Electronics

Vacuum layer

Pump

Switch valve Microcontroller

FIG. 4. A preliminary version of the OoC platform, which is implemented by
using off-the-shelf peripheral components. It is suitable for OoC functions of the
lung, gut, and tissue. It is modular, uses the pull mechanism [Fig. 2(d)], and can
sequentially control seven liquids, air, and vacuum in multiple channels. All
fluidic control components are integrated on a single platform. The components
are placed on the top layer while electronics and power units are placed on a
3D-printed plate at the base. The organ chip is placed on the platform with
access from top or bottom suitable to fit on the x—y table of an upright or
inverted microscope.

PERSPECTIVE scitation.org/journal/bmf

C. Initial results

In the pursuit toward achieving a modular, integrated, minia-
turized, and portable microfluidics platform using the proposed
architecture, we made an initial attempt at the implementation
with available commercial components. We have developed a
proof-of-concept integrated platform suitable for lung-on-a-chip,
gut-on-a-chip, and tissue-on-chip using off-the-shelf fluid flow
control components (Fig. 4).°° The configuration shown for the
pull mechanism in Fig. 2(d) was implemented. The commercial
fluidic components (OoC, flow sensor, flow controllers, pump,
valves, and switch valve) were placed on the top layer. The control
electronics and a rechargeable battery were placed underneath.
To avoid any influence of heat, the heat dissipating electrical
components and battery were placed far away from the OoC. A
thermally insulating 3D-printed polylactic acid (PLA) material
was used for the platform to prevent further dissipation of heat to
the OoC.

The entire platform is portable and works on a battery. The
components were positioned on the platform such that the entire
platform could be placed on an optical microscope table to
monitor the channels and chambers in the OoC device without
having to disconnect any tubes or cables. The system is reasonably
modular with the capability to exchange selected components.
Even for this simple implementation of an integrated microfluidic
OoC platform, the overall system is still bulky.

In the effort toward miniaturized components, we made a
miniaturized proportional control valve manufactured by 3D print-
ing (Fig. 5).” The valve is based on a piezoelectric unimorph. The
flow rate through the valve is proportionally controlled by the
amount of voltage applied to the piezoelectric element placed on
top of a membrane. The valve is modular and can be connected to
a microfluidic circuit. Looking at the basic necessary peripheral
components (Fig. 2), there is a need for miniaturization of the
other key components: fluctuation-free pumps””>"*”” and flow con-
trollers. For multiple fluids, a miniaturized fluid multiplexer is
needed (Fig. 3).

One of the challenges in OoC devices is the formation of gas
bubbles in fluid flow.'”’ They are typically minimized/eliminated
by degassing the fluids or using limited amount of pressure applied
that does not dissolve gas inside liquids."”" Our proposed architec-
ture also allows us to connect “bubble traps” in the microfluidic

¥~ Holder
top

VL
Passive GND —_ ey g Active

e
membrane =

bottom ﬂ

FIG. 5. (a) Schematic of the proportional microvalve having piezoelectric unim-
orph microactuator and the CAD drawing of valve holder, (b) Assembled valve
holder having microvalve placed in it, suitable to place in the architecture shown
in Fig. 2.
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circuit. Leak-free tight fluidic connectors are always beneficial for
well-functioning of the OoC device.

Sterilization of the flow control components and the OoC chip
is another important aspect.'’” To keep the system sterile, materials
that can withstand temperature, radiation, and chemicals associated
with sterilization will be used. With modularity, individual compo-
nents can be separately sterilized or replaced, if necessary.

There is also a need to develop standards for connectors
(fluidic and electrical) to enable easy interoperability among
peripheral fluid flow control devices and OoC devices from differ-
ent sources.'’” Then establishing software with a library of fluid
control functions and components will enable design of periph-
eral components for a desired OoC requirement and simulate the
fluid flow path. An interface to advanced numerical finite element
simulation programs will enable a better understanding of the
flow behavior when different functions are combined. Once a
complete connection (fluidic and electrical) configuration is
reached for a particular experiment, a modular, portable platform
is produced.

11l. CONCLUSION

Microfluidic OoCs typically need functions like accurate and
stable multiple fluid flow control (different liquids having varying
flow rates between 1 and 100 ul/min, air for oxygenation of cells,
and vacuum for stretching membranes of cell-substrate), 37 °C tem-
perature control for cell viability, pH sensing to monitor cell oxy-
genation levels, and material transparency to view fluorescence
signals. All these functions need many peripheral control compo-
nents that will become very complicated and bulky with an increase
in the number of organs to be implemented. The research effort so
far has been on the fabrication of the organ chips themselves, but
very little on the integration and miniaturization of the peripheral
control components. We propose a three-layer architecture that sup-
ports a modular, integrated, and portable platform for OoC chips,
peripheral control, and sensing components. Modular fluid flow
control configurations for different requirements of OoCs are given.
Each requirement can be accomplished by one of the flow control
mechanisms: push, push-pull, or pull. We showed a preliminary
version of the proposed architecture using off-the-shelf components
suitable to investigate lung, gut, and tissue functions. Our next
developments will be in (a) fabrication of integrated boards that
contain fluid channels and electric connections layout and (b) mini-
aturization of flow control components (like proportional valves,
pumps, fluid multiplexers, and flow controllers). These develop-
ments will lead to obtaining a modular, integrated, miniaturized,
and portable OoC platform. The proposed architecture can also be
used in other applications of microfluidics, such as bioreactors for
biopharmaceuticals, food safety, and environmental monitoring.
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NOMENCLATURE

Cell chamber Engineered environment of microfluidic
compartments in OoC devices where cells are
seeded, grown, and tested.

A particular combination of fluid control components
to steer the flow inside an OoC based on certain
requirements of the OoC experiment.

Steering of the fluid either by pushing, push-pull, or
pulling.

Embedded channels that connect the cell chambers
to inlet and outlets of OoC devices to provide
required fluid flow.

A microfluidic chip enabling mimicking the human
organ functions by having cell/organ chambers and
microchannels.

Combination of fluidics and electrical components
connected in a certain architecture that allows
performing a set of fluidic functions in an OoC
device. These functions are enabled by a set of fluid
flow control components.

Flow connection
configuration

Flow mechanism

Fluid channel

OoC device

0oC platform
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