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Abstract: Improved in vitro models of human organs for predicting drug efficacy, interactions, and
disease modelling are crucially needed to minimize the use of animal models, which inevitably
display significant differences from the human disease state and metabolism. Inside the body, cells
are organized either in direct contact or in close proximity to other cell types in a tightly controlled
architecture that regulates tissue function. To emulate this cellular interface in vitro, an advanced
cell culture system is required. In this paper, we describe a set of compartmentalized silicon-based
microfluidic chips that enable co-culturing several types of cells in close proximity with enhanced
cell—cell interaction. In vivo-like fluid flow into and/or from each compartment, as well as between
adjacent compartments, is maintained by micro-engineered porous barriers. This porous structure
provides a tool for mimicking the paracrine exchange between cells in the human body. As a
demonstrating example, the microfluidic system was tested by culturing human adipose tissue that is
infiltrated with immune cells to study the role if the interplay between the two cells in the context of
type 2 diabetes. However, the system provides a platform technology for mimicking the structure
and function of single- and multi-organ models, which could significantly narrow the gap between
in vivo and in vitro conditions.
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1. Introduction

Pre-clinical drug screening aims to transform toxicity and efficacy testing from a system reliant on
high-dose animal studies to one based primarily on human-relevant in vitro models. The phylogenetic
distance between laboratory animals and humans, the discrepancy between current in vitro systems and
the human body, and the limitations of in silico modelling, have generated the need for new solutions
to the ever-increasing demand for safety screening of new substances. The inherent complexity of
interconnected tissues in animal models makes it difficult to elucidate and track the physiological events
that characterize the interaction between animal organs and exogenic factors. Therefore, improved
in vitro models of human organs to predict drug efficacy, interactions, and disease modelling are
crucially needed.

While the simplicity of traditional in vitro models makes them robust and suitable for high
throughput research, unfortunately, they provide only little biological relevance to the complex
biological tissues of the human body. The validity of an in vitro model is dependent on how it
reproduces the key physiological and biological characteristics of the in vivo system. Organs-on-a-chip
(OOC) technology has a great potential to mimic many physiological properties of the in vivo organ
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systems. The ultimate target of the OOC technology is the development of effective and translatable
in vitro models with emphasis on investigating physiological events that characterize the interaction
between organs, the immune system and exogenic factors (i.e., pharmaceuticals, chemicals and
nutraceutical stimuli) in health and disease states. Moreover, these systems are powerful tools to
provide physiologically relevant in vitro disease models that faithfully reproduce the key physiological
aspects of the complex human organs.

Microfabrication and microfluidics technologies provided the tools to create advanced cell culture
systems which can be employed to mimic a specific tissue structure and create in vivo-like cellular
microenvironments [1,2]. They allow control of micro-environmental parameters, such as cell—cell
and cell-matrix interactions. Perfusion-based media supply allows for the delivery and removal of
soluble molecules into the cell microenvironment and controls the application of shear stresses by the
fluid flow. These tools are, therefore, well suited to the study of biological interactions down to the
cell and molecular levels and have tremendous potential to be applied to studying human physiology
and pathology.

The microfluidic structure in OOC devices can be designed to provide tunable dynamic fluid flows
as well as delivering nutrients, chemicals, and stimuli to cells and the removal of soluble molecules
with high spatiotemporal resolution in a controlled manner. This controlled dynamic flow would also
provide mild shear stresses on cell membranes within the physiologically accepted ranges.

Inside the human body, cells are organized in a unique heterogeneous architecture either in direct
contact or in close proximity to other cell types in a tightly controlled architecture that regulates tissue
function. Cells also interact with various environmental factors, such as the extracellular matrix (ECM),
soluble molecules, including growth factors, hormones and cytokines. These chemical and physical
factors are responsible for tissue organization during development and help to maintain cell functions.
Homotypic and heterotypic cellular interactions are essential for tissue development, repair, and
homeostasis [3]. OOC comprises a co-culture of more than two cell types to mimic the structure and
function of a specific organ or multi organs. The simplest co-culture system permits direct physical
contact between heterotypic cells [4,5] by combining different cell suspensions at the desired co-culture
ratio to study the paracrine signaling and response to soluble signaling factors [6,7]. However, it is
difficult to determine the relative contributions of each cell type to any observed effects of co-culture;
particularly, when the impact of paracrine signaling are of interest [3]. To allow better differentiation of
the heterotypic cellular signaling, a physical barrier, such as a membrane, between cell types is utilized
that permits the exchange of soluble factors, while still preventing cell-cell direct contact.

Modeling of human physiology and diseases with interconnected microphysiological systems
(MPSs) or body-on-a-chip models is emerging as a prominent frontier in medicine. The last few years
have witnessed several attempts to demonstrate complex MPSs with higher-order tissue functions [8-18].
Inter-organ communication is mainly studied through a systemic common medium that interconnects
different organ modules to mimic the circulating blood, which can mediate organ-organ crosstalk.
Despite the tremendous achieved progress, the existing technology gap between the current MPS
technology and in vivo conditions is still wide. Particularly, the employed methods for emulating
cell—cell cross talk are not capable of mimicking those in vivo. The vast majority of OOC and MPS
devices are fabricated using soft lithography techniques out of polydimethylsiloxane (PDMS) which
absorbs small organic compounds, including the precious analytes. In addition, using these techniques,
one may not be able to achieve precise positioning of different types of cells in close proximity to a
reliable and repeatable manner for efficient and physiologically relevant paracrine signaling.

Hung et al. (2004) [19] described cell perfusion through porous barriers in a microfluidic chip;
however, the cell culture array chip hosts only a monoculture of HeLa cells. Toh et al. [20] described a
microfluidic-based 3D culture system that allows cell-cell and cell-matrix interactions by employing an
array of micropillars that separate three parallel microfluidic channels and enable continuous perfusion.
A similar system was recently used to study cancer cell migration and invasion across the basement
membrane [21]. These devices were fabricated from PDMS with parallel and straight microfluidic
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channels with simple geometry and very large perfusion channels (i.e., the spacing between pillars)
of 20-um width. Constructing complex tissue architecture in vitro was pioneered by the work of
Bhatia et al. [22-25], which enabled versatile microscale organization of multiple cell types, however,
with regular patterns.

In this paper, we describe a micro-engineered cell co-culture system that enables the recapitulating
of the structure of an individual human organ or a network of organs so that metabolites and paracrine
signals can be transported and exchanged between various tissues or organ models. The modular
perfusion system is a compartmentalized fluidic system that relies on thin porous walls or barriers
which separate different fluidic compartments. Each microfluidic compartment physically retains
a single cell type while permitting chemical signaling with the neighboring compartments through
diffusion and pressure-driven flow. This configuration emulates the highly vascularized tissue in
the human body where tissues interact directly with cells in the bloodstream (e.g., immune cells)
and those in other tissue types. The compartmentalized fluidic structure enables the co-culturing
of various types of cells in a planar organization. The circulation of cell-culture media across the
multicompartment system carries the soluble factors released by the cells which could be collected
for on-chip/off-chip analysis (Figure 1a). The system is designed with micro-engineered features that
allow to control the fluidic characteristics through a compartmentalized bioreactor which is able to
host various cellular modules to recapitulate various physiological and metabolic characteristics in the
human body. These include:

(1) Maintaining a reasonable and physiologically relevant tissue/tissue and tissue/liquid ratio between
the different organs. This is achievable due to the miniaturized nature of the microfluidic structure
and the continuous perfusion of cell nutrients and stimuli without compromising the reagent
cost. For example, when cells are cultured in a conventional culture flask with a surface area
of 75 cm?, 10 mL of culture media is added onto the cell culture which results in a media/cell
ratio (volume/volume) of 67 times. On the other hand, when the same cells are cultured in a
microfluidic chip with a surface area of 1-2 cm?, the volume of media covering the cells is within
the range of 20-30 uL which results in a ratio of media/cell of 6 only.

(2) Controlling spatiotemporal fluidic flow into and from the cell culture compartments to emulate
the local blood flow and mass transport of nutrients into and out of the tissue.

(3) Maintaining physiologically relevant shear stresses onto the surface of tissue.

(4) Allowing micro-scale spatial heterogeneity of cells and tissue.

(5) Facilitating efficient cell-cell and tissue-tissue interaction between heterogeneous cell cultures.

(6) Enabling the spatial organization of different types of cells/tissue in 2D architectures with a
physiologically relevant order, which may allow to track the key physiological events in disease
progression and treatment.

(7)  Allowing the recruitment of circulating immune cells with a high spatiotemporal resolution of
cell—cell interaction.

After fabrication and characterization, the system was tested with a parenchymal-immune cell
co-culture model, namely adipocytes-immune cells (Figure 1b).

Constructing a physiologically relevant biological model within a microfluidic system enables a
quantitative analysis of the body interaction with exogenous substances and an understanding of the
physiological events and pathways in disease pathogenesis.
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Figure 1. (a) Conceptual schematic drawing of the perfusion compartmentalized system with the

proposed cell culture. (b) A biological model (co-culture) hosted within the perfusion system.
(c—f) Fabricated and tested microfluidic chip showing suggested inter-compartment fluidic crosstalk.

2. Materials and Methods

2.1. Design and Simulation

The goal of microfluidic-based perfusion technology is to shrink the gap between the in vivo and
in vitro conditions. Owing to their small size and the ability to precisely control the fluid flow within
these devices, it becomes possible to mimic specific key features of the tissue structure and cellular
interface by positioning two or more cell types in close proximity to one another and the desired order
or orientation. Combined with the fluidic perfusion, which maintains the mechanical shear stress
on the cell surface, mass transfer of a cell’s nutrients and paracrine and endocrine signaling, these
would provide the necessary tools to mimic in vitro the key functions of the tissue/organ of interest.
Therefore, the microfluidic features, including channel/compartment size, the ratio between the various
compartments within the device, the ratio between the volume occupied by cells and the volume
occupied by the fluid, the distance between the different types of cells, and the flow profile within the
cell culture compartments, are very important parameters that need to be carefully optimized in any
OOC device. Figure 2 shows a 3D schematic drawing, optical images and SEM images of key features
of the fabricated devices. Four microfluidic systems are described in this paper; however, the chip
can be custom designed to host the desired tissue/organ model with a cellular orientation/distribution
that mimics the in vivo counterpart. The planar geometry of these chips takes into consideration the
order/positioning of any cell type with respect to the other neighboring cell type and the direction
of the flow/perfusion where the direction of the perfusion flow defines the interaction between the
cells/tissue within the various compartment. Briefly, the following chip designs are:

1. Chip 1 (C1): Three circular concentered compartments separated by porous barriers (Figure 2a).
This chip was used in our previous publication with a focus on adipose tissue in vitro models [19].

2. Chip 2 (C2): Two circular concentered compartments interface with a downstream semi-circular
compartment (Figure 2b).

3. Chip 3 (C3): Four U-shaped concentered compartments with the inner compartment connected
through a channel to another circular compartment (Figure 2c).

4. Chip 4 (C4): Two interdigitated compartments interfaced with a small circular compartment
located inside the upstream compartment (Figure 2d).
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Figure 2. The fabricated and tested devices. (a—d) 3D schematic drawing of the chip with a detailed
view of the compartmentalized structure. (e-h) Optical images of the fabricated devices. (i-1) Detailed
views of the cell culture compartments. (m—p) Detailed views of key structures. (q-t) SEM images of
the porous barrier.

Different types of cells can be cultured in a two-dimensional (2D) organization within these
planar compartmentalized structures where the multicompartments are physically separated by
semi-porous barriers. In such cellular organization, each cell type is nested in its corresponding
permeable compartment. Therefore, cells of different types are fluidically and chemically connected.
A large number of the capillary surrounding each compartment facilitate efficient mass transfer into
the constructed tissue, which mimic the physiological flow in the human body (e.g., blood flow in
capillaries), and consequently prolong the tissue (i.e., organ model) viability for multiparametric
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analysis. The porous barriers are characterized by an array of small pores which are located in the
upper side of the walls. The size of these pores is customized to retain the cells in their corresponding
compartment and enable the exchange of the circulating soluble factor within the extracellular matrix
(ECM) between the different compartments with fluidically controlled mass transfer between the various
compartments. Each pore within the wall creates a short microchannel, called a perfusion microchannel,
which connects the two compartments through perfusion. The ratio between the microchannel depth
and the compartment depth is 5/200. The rate and direction of the intercompartment flow can be
controlled using an external pump; hence, the heterotypic cell chemical interaction can be emulated by
microflow through the porous barriers. In this setting, the microchannel array at both sides of any
given compartments provides a chemical gradient of the solution with the adjacent compartments.
The composition and concentration of chemicals within the side compartment can be selectively
adjusted by controlling the flow rate through the upstream compartment.

2.2. Chips Fabrication

The chips were fabricated in silicon substrate using standard lithography and etching techniques
(Figure 3a). For simplification, a cross-sectional drawing of a small part of the chip is shown. A bilayer
of silicon oxide and silicon nitride was deposited on Si substrate with a thickness of 300 A and 1500 A
(Figure 3ai), respectively. Using the deep reactive ion etching (DRIE) technique, shallow trenches with
width, length and depth of 5 pm, 50 um and 5 pm, respectively, were created to form the microchannel
array of the porous barriers between the fluidic compartments (Figure 3aii). Afterwards, wide trenches,
with a depth of 200 um, were also etched using DRIE to form the fluidic compartments as well as the
fluidic inlets/outlets (Figure 3aiii). The fluidic inlets and outlets were opened by further backside wet
etching such that the fluidic port would be accessed through the backside of the chip (Figure 3aiv).
Following this, the patterned Si wafer was bonded to a glass substrate using anodic bonding to form a
fully sealed compartmentalized microfluidic structure with porous barriers. Finally, the silicon wafer
was diced to individual chips with dimensions of 40 X 15 mm. The distance between the microchannel
array and the surface of the cell culture compartment is 195 um; therefore, media flow though these
channels ensures mild shear stress onto the cell membranes.

(i) Bilayer deposition on Si ~ (ii) Shallow trench etching  (iii) Deep trench etching (iv) Glass bonding

(a)
e ] D
00A TOX Silicon Wafer
(i) 300 A thermal oxide growth.

(vii) Wide trenches lithography processing.

Figure 3. Cont.
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Figure 3. (a) The major fabrication processes of the microfluidic chips demonstrated in 3D drawing.
(b) The process details in a cross-sectional view. (c) A schematic drawing of the fluidic set-up and
perfusion circuit. The perfusion circuit inside the cell culture incubator while the driving pump is
located outside the incubator. (d) An overview image of the perfusion circuit.

2.3. Perfusion Setup

The chips were accommodated in a custom-made fluidic connector, which was fabricated in
poly (methyl methacrylate) (PMMA) to enable long-term perfusion during the cell culture (Figure 4).
The serializable fluidic connector has L-shaped fluidic channels with a diameter of 1 mm to which
the fluidic inlets/outlets of the chip were aligned (Figure 4). The chip is inserted in a shallow trench
(1 mm) with the holes (fluidic ports) facing the holes in the trench. To prevent any liquid leakage,
a PDMS gasket was placed between the chip and the connector surface and the chip was pressed
against the connector using a PMMA frame and screwed to ensure a good connection. The fluidic
connector also features vertical holders to hold the media reservoir. The fluidic inlets were connected to
15 mL tubes containing the cell culture media through Polyether ether ketone (PEEK) fittings (1/32 in.,
M-645X, ThermoFisher) and tubing and the fluidic outlets were connected to 10 mL syringes which
were mounted on a set of high-precision syringe pumps (neMESYS, Cetoni, Germany) and controlled
by QmixELEMENTS software (Cetoni, Germany). Finally, the perfusion setup was completed by
placing the chip (within the holder) and the media reservoir inside a CO, incubator and the syringe
pumps were placed outside the incubator (Figure 4). The syringe pumps were run in withdrawing
mode such that cell culture media perfused through the chip from the media reservoir which was
maintained within the same culture conditions inside the CO, incubator while the pumps were kept
outside the CO, incubator. Cellular supernatants were collected from the syringes whenever needed.
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Figure 4. Finite element analysis of the flow profile within the four microfluidic chips at selected
flow “in/out” configurations. (a) Flow conditions; (b) Meshed model with detailed zone of interest;
(c) Velocity filed profile (mmy/s); (d) Velocity profile (Streamlines); (e) Shear stress.

2.4. Finite Element Analysis

Finite element analysis (FEA) was carried out using the COMSOL Multiphysics software.
A three-dimensional model with geometry that imitated the layout of the chips was created and
the fluidic boundary conditions, materials and physics were applied. A laminar flow interface was
used to compute the velocity of the fluid by solving the Navier-Stokes equations. Various conditions
corresponding to the input/output ports were simulated to investigate the flow dynamics through the
compartments by selectively applying the fluid flow through individual inlets. The velocity field and
shear stress profiles were calculated at a fluid (water) flow rate of 8 nL/s.



Micromachines 2020, 11, 565 10 of 18

2.5. Characterization of Inter-Compartment Permeability

To examine the mass transfer between the compartments, Fluorescein isothiocyanate (FITC)-
dextran with a molecular weight of 4 kD was used as a tracer. FITC-dextran was diluted at a
concentration of 5 ng/mL and injected into the corresponding compartment. The fluidic inlets and
outlets (I/O) were opened/closed to allow the tracer molecule to be transported from a particular
compartment to the adjacent one only through the porous batrriers, either by diffusion or pressure-driven
(convective) flow. The fluorescence intensities (FI) of the FITC-dextran within the compartments were
monitored under a fluorescent microscope (BX63, Olympus, Tokyo, Japan). The fluorescence intensity
indicates the level of porous barrier permeability and the intercompartmental mass transfer. The mass
transfer of FITC-dextran tracer was monitored over 2 h under diffusion and convective flow with a
flow rate of 20 uL/min in two parallel experiments for each chip.

2.6. Cell Culture

Cell culture/co-culture was demonstrated on the chip using human pre-adipocytes (#802s-05a,
Cell Applications, Inc., San Diego, CA, USA) and U937 mononuclear cells (American Type Culture
Collection, USA) as cell models. These cells were previously employed to construct an in vitro model of
the inflamed human adipose in our recent publications [26,27] to study the interplay between immune
cells and adipocytes in human obesity and insulin resistance. Obese tissues are heavily infiltrated by
inflammatory immune cells (e.g., monocytes, macrophages, Th1 cells) which interact with adipocytes to
trigger chronic inflammation, ultimately leading to blockage of insulin action on adipocytes and insulin
resistance [28,29]. The interaction between the human adipocytes and immune cells and tissue-resident
macrophages represents an example of how the interplay between cells contributes to pathogenesis
(in this case, type 2 diabetes).

Prior to cell inoculation, the fluidic compartments of the chips were filled with 70% ethanol for
at least 4 h for sterilization. Then the chips were washed with deionized (DI) water and 100 pL of
Poly-L-lysine solution (0.1 mg/mL, in H,O) was loaded into each chip and incubated overnight at
37 °C. The chips were then washed with sterilized DI water and phosphate-buffered saline (PBS) and
primed with a preadipocyte growth medium (Cell Applications). 50 uL of Human Preadipocytes
(HpA) suspension (cell density > 1.5 x 10 cells/mL, cell viability > 85%) was inoculated into one
compartment. Cells were maintained under static culture conditions (without perfusion) for 2 h to
allow cell attachment in 5% CO, humidified atmosphere. Then perfusion was started at a flow rate
of 8 nL/s. The preadipocytes grew to confluence after ~2-3 days. To induce cell differentiation, the
preadipocyte growth medium was replaced by adipocyte differentiation medium (#811D-250, Cell
Applications). After 12-14 days of differentiation, an adipocyte maintenance medium (#811M-250)
was applied for at least two days before cell characterization or co-culture with immune cells. Cell
morphological images were acquired with an upright microscope (Olympus, BX3-CBH, Japan). After
adipocyte differentiation, U937 cells were collected and suspended in an adipocyte maintenance
medium. 50 pL of U937 cell suspension was inoculated into the adjacent compartment. The adipocyte
maintenance medium was perfused at a rate of 8 nL/s through the chip for 2-3 days. Cell viability
and morphological change were monitored by a microscope. A mixture of calcein-AM (2 uM) and
ethidium homodimer-1 (4 pM) diluted in Dulbecco-PBS (D-PBS) was used to test the cell viability
under microscope. Cell viability was quantified by the percentage of calcein-AM-labelled cells.

2.7. Lipid Droplets Staining and Quantification

To quantify the amount of lipids within the adipocytes as an indicator of cell differentiation,
cells were stained with Oil Red O (Sigma-Aldrich, St. Louis, MO, USA), which is used to stain lipids.
Cells were first fixed with 4% paraformaldehyde (PFA) and treated with Oil Red O solution for 30 min at
room temperature and then washed with DI water. Bright-field images were taken using a microscope.
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The total surface covered with lipids was estimated by taking several images of the adipocyte culture
compartment in monoculture and analyzed using Image] software.

2.8. Immune-Metabolic Profile/Cytokine Secretion-Glucose Uptake

Adipocyte/U937 cells were cultured on-chip, as explained above. The inflammation state was
induced by treating the cells with 100 ng/mL of lysophosphatidic acid (LPA). Supernatants were collected
from the sampling outlet. Interleukin-6 (IL-6) concentration in the supernatants was measured using
ELISA, as explained elsewhere [27]. For control, experiments were also conducted on untreated samples
and adipocytes monoculture. Glucose uptake by the differentiated adipocytes was measured using the
glucose uptake assay kit, which uses 2-deoxy-2-[(7-nitro- 2,1,3-benzoxadiazol-4-yl)amino]-D-glucose
(2-NBDG) as a fluorescence-labelled deoxyglucose analog probe (Cayman Chemicals, Ann Arbor, MI,
USA) [26].

3. Results and Discussion

3.1. Finite Element Analysis

The perfusion profile in the compartmentalized chip was simulated with FEA at selected flow
configurations by injecting water into selected fluidic inlets and opening selected outlets which
correspond to perfusion during the cell incubation time (Figure 4a). Figure 4b shows the FEA meshed
models with fine mesh implemented at the porous barriers. The velocity field profile and streamlines
(Figure 2c,d) show high velocity near inlets/outlets and within the narrow compartments, while the
flow velocity profiles tend to be uniformly low within the wide compartments. In general, the velocity
observed was at its highest within the sampling compartment of Chip 4 and at its lowest towards the
end of the interdigitated fingers of the same chip, while the velocity profile is more uniform across the
culture compartments thanks to the perfusion channel arrays. The corresponding shear stresses on the
cell membranes were calculated along a central line across the cell culture compartments (Figure 4e).
The resultant shear stresses in all cell culture compartments were found to be within the range of
in vivo physiological interstitial shear stress (<0.1 dynes per cm?) [30]. It should be noted that shear
stress can be adjusted by maneuvering the flow rates within the various compartments.

3.2. Microfluidic Testing: Inter-Compartment Permeability

The permeability between the adjacent compartments was investigated using FITC-dextran 4k Da
tracer. The tracer was injected into one compartment (upstream) at a concentration of 5 mg/mL until
filled with the tracer (observed under the microscope). Then the tracer syringe was replaced by a clear
PBS solution and the perfusion was set at a flow rate of 50 uL/min. The fluorescence intensity was
recorded at different time intervals across each chip compartment. Figure 5 shows selected fluorescent
images that indicate the tracer transport through the compartments over a period of 90 min with a time
interval of 10 min. Figure 5b shows the permeability profile between two adjacent compartments as
indicated by the fluorescence intensities. The recorded intensities and the zone of interest are marked
in the inset within the corresponding chip. The FI was measured when the compartments were filled
with a clear PBS solution (no FITC-dextran) and subtracted from the total apparent FI to obtain the
actual FI due to the dextran permeability.
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Figure 5. (a—h) Series of fluorescent images showing the inter-compartment transport of FITC-dextran
at different time intervals over 90 min at a flow rate of 50 pL/min. (i) Fluorescence intensities due to the
FITC-dextran permeation from one compartment to the adjacent one, as indicated by the dotted arrows.
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3.3. System Testing with Parenchymal-Immune Cell Co-Culture

The OOC chips were tested with an in vitro model that was established and reported in our
previous publication [26], where the experimental procedures are also described. In brief, the biological
model comprises a co-culture of human adipocytes (parenchymal) and immune cells which are
positioned in two adjutant porous compartments in dynamic culture conditions. Four co-culture
experiments were conducted in parallel using the four different chips. Human pre-adipocytes (HPADs)
were initially seeded in the designated compartments (Figure 6a,b) and the cell growth and morphology
were regularly monitored under the microscope. After HPADs reached confluence ~3-5 days after
seeding (Figure 6¢), the cells were perfused with a differentiation medium, and lipid droplets were
observed after ~2 days (Figure 6d). The differentiated adipocytes are characterized by the presence
of different sizes of lipid droplets. Droplet size (hypertrophy) and number (hyperplasia) gradually
increased over the 14 days of the differentiation period (Figure 6e-g). To measure the adipocytes
hyperplasia, the intracellular content of the cells was stained with fluorescence to enable observing
the cell boundary. The lipid droplet number continuously increased during the differentiation period
(Figure 7a). Hyperplasia was clearly observed during the first week of differentiation of all chips
with a significant number of droplets found in Chips 1 and 2 (Figure 6). However, during the next
two weeks, the individual cell size tended to be increasingly enlarged due to the increase of the lipid
droplet size (i.e., the hypertrophy is dominated over the hyperplasia). Figure 7b shows the highlighted
lipid droplets within the adipocytes, which were stained with Oil Red O stain, and Figure 7c shows the
total lipid coverage within the adipocyte compartment which is correlated to the total lipid contents of
the adipocytes after 5 and 24 days of adipocyte monoculture. These data confirm the differentiation of
preadipocytes to adipocytes (adipogenesis) on-chip. Adipocyte growth and differentiation in co-culture
mode were similar to those in monoculture mode. No difference was optically observed.

For immune-metabolic analysis, adipocytes and immune cells were cultured in their designated
compartment (Figure 6a) and the immune-metabolic analysis of the co-culture in Chip 2 was conducted
after two weeks of co-culture. By comparing the fluidic and cell co-culture characteristics within
the four chips, despite the observed similarity, Chip 1 and Chip 2 showed more uniform fluid flow
(Figure 4c,e) and were less prone to bubble generation that could interrupt the cell culture experiments.
Due to some chamber narrowing in Chip 2 and Chip (4), the fluid velocity dropped at certain area,
such as within the outer compartment of Chip 3 and at the circular ends of the interdigitated fingers of
Chip 4. Therefore, we only present the immune-metabolic results of Chip 2.

The main objective of the current paper is to test various planar arrangements of porous
compartments for cell co-culture and to demonstrate a set of designs that can be adapted to selectively
position different types of cells in close proximity with efficient intercompartmental crosstalk for
organ/disease modelling. Therefore, we only demonstrate the basic functions, i.e., cell co-culture,
differentiation and the basic immune-metabolic profile of the co-culture. In-depth characterization
and screening of the biological model was partially reported in our previous publication and is also
currently being conducted.

The key feature of our microfluidic system is its ability to host a co-culture of two or more cell
types in close proximity, which are physically separated but continuously exchanging bio/chemical
signals similar to in vivo environment.

The tested in vitro model mimics the immune cells infiltrate into the human adipose tissue,
which is associated with obesity [31] and insulin resistance [28]. It was reported that human adipose
tissues express a number of inflammation-related genes [32,33] with obese subjects displaying a higher
expression of these genes as compared to non-obese subjects [34]. These findings support the growing
importance of immune-metabolic interplay in human obesity that link to insulin resistance and type 2
diabetes mellitus (T2DM).
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Figure 6. The sequence of adipocyte/immune cells co-culture and optical images of the co-culture over
24 days. (a) Chip images with the cell cultutrre designation within the corresponding compartments;
(b) Summary of experemintal steps of the cell co-culture process; (c) Preadipocytes monoculture (5 days);
(d) Differentiated adipocytes (14 days); (e) Adipocytes-immune cell co-culture (16 days); (f) Fully
differentiated adipocytes (20 days); (g) Fully differentiated adipocytes (24 days).
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Figure 7. Adipocytes monocultured on-chip. (a) Fluorescence images of differentiated adipocytes after
14 days of differentiation medium treatment. (b) Lipid droplets within the adipoctes highlighted with
Oil Red O staining. (c) Total lipid droplet coverage area in adipocyte culture compartments at 5 and 24
days after diffrentation medium treatment. (d) Glucose uptake vs. II-6 and TNF-« expression at 24 h.
Data were represented as mean + SEM. * indicate statistical significance at p < 0.01.

Adipocyte/U937 were cultured on-chip as explained above and the inflammation state was induced
by treating the cells with 100 ng/mL of LPA. Then, the glucose uptake by the adipocytes and the
secreted TNFx and IL-6 (in supernatants) were quantified from the same cell co-culture set. Figure 7d
shows the combined immune-metabolic profile of the co-culture. A good correlation between the
cytokine profile and the glucose uptake was observed. In adipocyte monoculture, a significant glucose
uptake was observed with no cytokines upregulation being detected. However, in the co-culture
set, a slight decrease was observed in glucose uptake with a notable increase in cytokine secretion,
particularly IL-6. On the other hand, when the inflammation state was induced by treatment with LPA,
a significant increase of cytokine secretion and decrease of glucose uptake was observed, which is in
agreement with our previous observation [26,27].

The design of the chips enables long-term dynamic cell co-culture that enhanced the cell—cell and
cell-stimulus interaction and allowed frequent supernatant sampling without cell culture disturbance.
An in vitro microphysiological model of the human adipose tissue has been successfully demonstrated
in the chip. The anatomical features of the model were demonstrated by mimicking the infiltration
of the immune cells within the adipose tissue and the major functions of the cellular structure were
also demonstrated, which provide a close physiological scenario that exhibits key characteristics of
type 2 diabetic adipose tissues. Finally, in this paper, we demonstrated a microfluidic platform for
long-term cell co-culture that is amenable for integration with various functional components for
enabling precise control of the cell culture environment. For instance, a selected compartment (e.g.,
feeding compartment) can be filled with a sponge-like material [35] to allow the controlled release of
nutrients/drugs to the neighboring cell culture. Local heat exchange can also be achieved by integrating
a polymer-based heat exchanger that enables investigating the effect of local temperature on the cell—cell
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crosstalk [36]. In addition, in situ capture and detection of the secreted cytokines can be achieved
by utilizing functionalized magnetic beads in a downstream fluidic compartment for time-resolved
magnetic immune assay from the same set of cells, which will be the scope of our future studies.

4. Conclusions

A planar compartmentalized microfluidic system with porous sidewalls (barriers) was designed,
fabricated and tested. The microfluidic chip comprises several fluidic compartments which are
physically separated by thin side walls. The side walls are characterized by a high-density array of
small pores with a cross-sectional area smaller than the cell size. The compartmentalized structure
enabled the co-culture of two types of cells with each cell type being cultured in its designated
compartment. The fluidic compartments are arranged in the planar organization in close proximity to
each other, which enables continuous perfusion/diffusion of chemical/biological signals between the
cells in the different compartments in a dynamic manner that emulates the environment in the human
tissue. The microfluidic system was tested by culturing human adipose tissue that is infiltrated with
immune cells to study the role of the interplay between the two cells in type 2 diabetes. However, the
system can be employed as a platform for hosting many organ/tissue models.

Author Contributions: Conceptualization, Q.R.; Q.R. methodology, S.B.N.G. and Q.Z.; software, S.B.N.G.;
validation, Q.R., S.B.N.G; investigation, S.B.N.G.; resources, Q.Z.; data curation, Q.R., S.B.N.G.; writing—original
draft preparation, Q.R.; writing—review and editing, Q.R.; supervision, Q.R.; project administration, Q.R.; funding
acquisition, Q.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by A*STAR (Agency for Science, Technology, and Research), Singapore, grant
number 1431AFG123.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Meyvantsson, L; Beebe, D.J. Cell culture models in microfluidic systems. Annu. Rev. Anal. Chem. 2008, 1,
423-449. [CrossRef] [PubMed]

2. Huh, D.; Hamilton, G.A.; Ingber, D.E. From 3D cell culture to organs-on-chips. Trends Cell. Biol. 2011, 21,
745-754. [CrossRef] [PubMed]

3. Bogdanowicz, D.R.; Lu, H.H. Multifunction Co-culture Model for Evaluating Cell-Cell Interactions. Methods
Mol. Biol. 2014, 1202, 29-36. [PubMed]

4.  Proffen, B.L.; Haslauer, C.M.; Harris, C.E.; Murray, M.M. Mesenchymal stem cells from the retropatellar fat
pad and peripheral blood stimulate ACL fibroblast migration, proliferation, and collagen gene expression.
Connect. Tissue Res. 2013, 54, 14-21. [CrossRef]

5. Wang, LN.E.; Shan, J.; Choi, R.; Oh, S.; Kepler, C.K.; Chen, FEH.; Lu, H.H. Role of Osteoblast-Fibroblast
Interactions in the Formation of the Ligament-to-Bone Interface. ]. Orthop. Res. 2007, 25, 1609-1620.
[CrossRef]

6.  Zhang, Y,; Chai, C,; Jiang, X.S.; Teoh, S.H.; Leong, K.W. Co-culture of umbilical cord blood CD34+ cells with
human mesenchymal stem cells. Tissue Eng. 2006, 12, 2161-2170. [CrossRef]

7. Schober, A.; Fernekorn, U,; Singh, S.; Schlingloff, G.; Gebinog, M.; Hampl, J.; Williamson, A. Mimicking the
biological world: Methods for the 3D structuring of artificial cellular environments. Eng. Life Sci. 2013, 13,
352-367. [CrossRef]

8. Esch, M.B.; Ueno, H.; Applegate, D.R.; Shuler, M.L. Modular, pumpless body-on-a-chip platform for the
co-culture of GI tract epithelium and 3D primary liver tissue. Lab Chip 2016, 16, 2719-2729. [CrossRef]

9. Skardal, A.; Murphy, S.V.; Devarasetty, M.; Mead, I.; Kang, H-W.; Seol, Y.J.; Zhang, Y.S.; Shin, S.R.; Zhao, L.;
Aleman, J.; et al. Multi-tissue interactions in an integrated three-tissue organ-on-a-chip platform. Sci. Rep.
2017, 7, 8837. [CrossRef]

10. Zhang, Y.S.; Aleman, J.; Shin, S.R; Kilic, T.; Kim, D.; Shaegh, S.A.M.; Massa, S.; Riahi, R.; Chae, S.; Hu, N.;
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, E2293-E2302. [CrossRef]


http://dx.doi.org/10.1146/annurev.anchem.1.031207.113042
http://www.ncbi.nlm.nih.gov/pubmed/20636085
http://dx.doi.org/10.1016/j.tcb.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/22033488
http://www.ncbi.nlm.nih.gov/pubmed/24504928
http://dx.doi.org/10.3109/03008207.2012.715701
http://dx.doi.org/10.1002/jor.20475
http://dx.doi.org/10.1089/ten.2006.12.2161
http://dx.doi.org/10.1002/elsc.201200088
http://dx.doi.org/10.1039/C6LC00461J
http://dx.doi.org/10.1038/s41598-017-08879-x
http://dx.doi.org/10.1073/pnas.1612906114

Micromachines 2020, 11, 565 17 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Oleaga, C.; Bernabini, C.; Smith, A.S.; Srinivasan, B.; Jackson, M.; McLamb, W.; Platt, V.; Bridges, R.; Cai, Y.;
Santhanam, N.; et al. Multi-Organ toxicity demonstration in a functional human in vitro system composed
of four organs. Sci. Rep. 2016, 6, 20030. [CrossRef] [PubMed]

Tsamandouras, N.; Chen, W.L.K; Edington, C.D.; Stokes, C.L.; Griffith, L.G.; Cirit, M. Integrated Gut and
Liver Microphysiological Systems for Quantitative In Vitro Pharmacokinetic Studies. AAPS J. 2017, 19,
1499-1512. [CrossRef] [PubMed]

Wikswo, J.P; Curtis, E.L.; Eagleton, Z.E.; Evans, B.C.; Kole, A.; Hofmeister, L.H.; Matloff, W.J. Scaling
and systems biology for integrating multiple organs-on-a-chip. Lab Chip 2013, 13, 3496-3511. [CrossRef]
[PubMed]

Yu, J; Cilfone, N.A,; Large, EM.; Sarkar, U,; Wishnok, ].S,; Tannenbaum, S.R.; Hughes, D.J;
Lauffenburger, D.A.; Griffith, L.G.; Stokes, C.L.; et al. Quantitative Systems Pharmacology Approaches
Applied to Microphysiological Systems (MPS): Data Interpretation and Multi-MPSIntegration. CPT
Pharmacomet. Syst. Pharmacol. 2015, 4, 585-594. [CrossRef]

Abaci, H.E.; Shuler, M.L. Human-on-a-chip design strategies and principles for physiologically based
pharmacokinetics/pharmacodynamics modeling. Integr. Biol. (Camb.) 2015, 7, 383-391. [CrossRef]
Maschmeyer, I.; Lorenz, A K.; Schimek, K.; Hasenberg, T.; Ramme, A.P; Hiibner, J.; Lindner, M.; Drewell, C.;
Bauer, S.; Thomas, A.; et al. A four-organ-chip for interconnected long-term co-culture of human intestine,
liver, skin and kidney equivalents. Lab Chip 2015, 15, 2688-2699. [CrossRef]

Wagner, I.; Materne, E.M.; Brincker, S.; Stissbier, U.; Fradrich, C.; Busek, M.; Sonntag, F.; Sakharov, D.A.;
Trushkin, E.V.; Tonevitsky, A.G.; 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, 3538-3547. [CrossRef]
Kimura, H.; Sakai, Y.; Fujii, T. Organ/body-on-a-chip based on microfluidic technology for drug discovery.
Drug Metab. Pharmacokinet. 2018, 33, 43—48. [CrossRef]

Hung, PJ.; Lee, P,; Sabounchi, P; Lin, R.; Lee, L.P. Continuous Perfusion Microfluidic Cell Culture Array for
High-Throughput Cell-Based Assays. Biotech. Bioeng. 2005, 89, 1-8. [CrossRef]

Toh, Y.C.; Zhang, C.; Zhang, ].; Khong, YM.; Chang, S.; Samper, V.D.; van Noort, D.; Hutmacher, D.W,; Yu, H.
A novel 3D mammalian cell perfusion-culture system in microfluidic channels. Lab Chip 2007, 7, 302-309.
[CrossRef]

Toh, Y.C.; Raja, A.; Yu, H.; Van Noort, D. A 3D Microfluidic Model to Recapitulate Cancer Cell Migration and
Invasion. Bioengineering 2018, 5, 29. [CrossRef] [PubMed]

Stevens, K.R.; Ungrin, M.D.; Schwartz, R.E.; Ng, S.; Carvalho, B.; Christine, K.S.; Chaturvedi, R.R.; Li, C.Y,;
Zandstra, PW.; Chen, C.S,; etal. INVERT molding for scalable control of tissue microarchitecture. Nat. Commun.
2013, 4, 1847. [CrossRef] [PubMed]

Vunjak-Novakovic, G.; Bhatia, S.N.C.S.; Hirschi, K. HeLiVa platform: Integrated heart-liver—vascular systems
for drug testing in human health and disease. Stem. Cell Res. Ther. 2013, 4 (Suppl. 1), S8. [CrossRef]
[PubMed]

Baker, B.M.; Trappmann, B.; Stapleton, S.C.; Toro, E.; Chen, C.S. Microfl uidics embedded within extracellular
matrix to defi ne vascular architectures and pattern diff usive gradients. Lab Chip 2013, 13, 3246-3252.
[CrossRef]

Nguyen, D.H.T; Stapleton, S.C.; Yang, M.T.; Cha, S.S.; Choi, C.K,; Galie, P.A.; Chen, C.S. Biomimetic model
to reconstitute angiogenic sprouting morphogenesis in vitro. Proc. Natl. Acad. Sci. USA 2013, 110, 6712-6717.
[CrossRef]

Liu, Y.X.; Kongsuphol, P; Saha, S.; Gourikutty, S.B.; Biswas, S.; Ramadan, Q. Adipose-on-a-chip: A dynamic
micro-physiological in vitro model of the human adipose for immune-metabolic analysis in type II diabetes.
Lab Chip 2019, 19, 241-253. [CrossRef]

Kongsuphol, P; Saha, S.; Liu, Y.X.; Biswas, S.; Ramadan, Q. In vitro microphysiological model of the inflamed
human adipose tissue for immune-metabolic analysis in type II diabetes. Sci. Rep. 2019, 9, 4887. [CrossRef]
Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, ].S.; Tartaglia, L.A.;
et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance.
J. Clin. Invest. 2003, 112, 1821-1830. [CrossRef]

Hruskova, Z.; Biswas, S.K. A new “immunological” role for adipocytes in obesity. Cell Metab. 2013, 17,
315-317. [CrossRef]


http://dx.doi.org/10.1038/srep20030
http://www.ncbi.nlm.nih.gov/pubmed/26837601
http://dx.doi.org/10.1208/s12248-017-0122-4
http://www.ncbi.nlm.nih.gov/pubmed/28752430
http://dx.doi.org/10.1039/c3lc50243k
http://www.ncbi.nlm.nih.gov/pubmed/23828456
http://dx.doi.org/10.1002/psp4.12010
http://dx.doi.org/10.1039/C4IB00292J
http://dx.doi.org/10.1039/C5LC00392J
http://dx.doi.org/10.1039/c3lc50234a
http://dx.doi.org/10.1016/j.dmpk.2017.11.003
http://dx.doi.org/10.1002/bit.20289
http://dx.doi.org/10.1039/b614872g
http://dx.doi.org/10.3390/bioengineering5020029
http://www.ncbi.nlm.nih.gov/pubmed/29642502
http://dx.doi.org/10.1038/ncomms2853
http://www.ncbi.nlm.nih.gov/pubmed/23673632
http://dx.doi.org/10.1186/scrt369
http://www.ncbi.nlm.nih.gov/pubmed/24565063
http://dx.doi.org/10.1039/c3lc50493j
http://dx.doi.org/10.1073/pnas.1221526110
http://dx.doi.org/10.1039/C8LC00481A
http://dx.doi.org/10.1038/s41598-019-41338-3
http://dx.doi.org/10.1172/JCI200319451
http://dx.doi.org/10.1016/j.cmet.2013.02.015

Micromachines 2020, 11, 565 18 of 18

30.

31.

32.

33.

34.

35.

36.

Kim, K.M.; Choi, Y.J.; Hwang, J.; Kim, A.R.; Cho, H]J.; Hwang, E.S.; Park, ].Y.; Lee, S.; Hong, J. Shear Stress
Induced by an Interstitial Level of Slow Flow Increases the Osteogenic Differentiation of Mesenchymal Stem
Cells through TAZ Activation. PLoS ONE 2014, 9, €92427. [CrossRef]

Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W. Obesity is associated
with macrophage accumulation in adipose tissue. J. Clin. Invest. 2003, 112, 1796-1808. [CrossRef] [PubMed]
Cancello, R.; Henegar, C.; Viguerie, N.; Taleb, S.; Poitou, C.; Rouault, C.; Coupaye, M.; Pelloux, V.; Hugol, D.;
Bouillot, J.L.; et al. Reduction of macrophage infiltration and chemoattractant gene expression changes
in white adipose tissue of morbidly obese subjects after surgery-induced weight loss. Diabetes 2005, 54,
2277-2286. [CrossRef]

Clement, K.; Langin, D. Regulation of inflammation-related genes in human adipose tissue. J. Int. Med. 2007,
262, 422-430. [CrossRef] [PubMed]

Nair, S.; Lee, Y.H.; Rousseau, E.; Cam, M.; Tataranni, P.A.; Baier, L.J.; Bogardus, C.; Permana, P.A. Increased
expression of inflammation-related genes in cultured preadipocytes/stromal vascular cells from obese
compared with non-obese Pima Indians. Diabetologia 2005, 48, 1784-1788. [CrossRef] [PubMed]

Thurgood, P,; Baratchi, S.; Szydzik, C.; Mitchell, A.; Khoshmanesh, K. Porous PDMS structures for the storage
and release of aqueous solutions into fluidic environments. Lab Chip 2017, 17, 2517-2527. [CrossRef]
Zhu,].Y.; Suarez, S.A.; Thurgood, P; Nguyen, N.; Mohammed, M.; Abdelwahab, H.; Needham, S.; Pirogova, E.;
Ghorbani, K.; Baratchi, S.; et al. Reconfigurable, Self-Sufficient Convective Heat Exchanger for Temperature
Control of Microfluidic Systems. Anal. Chem. 2019, 91, 15784-15790. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0092427
http://dx.doi.org/10.1172/JCI200319246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
http://dx.doi.org/10.2337/diabetes.54.8.2277
http://dx.doi.org/10.1111/j.1365-2796.2007.01851.x
http://www.ncbi.nlm.nih.gov/pubmed/17875178
http://dx.doi.org/10.1007/s00125-005-1868-2
http://www.ncbi.nlm.nih.gov/pubmed/16034612
http://dx.doi.org/10.1039/C7LC00350A
http://dx.doi.org/10.1021/acs.analchem.9b04066
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Design and Simulation 
	Chips Fabrication 
	Perfusion Setup 
	Finite Element Analysis 
	Characterization of Inter-Compartment Permeability 
	Cell Culture 
	Lipid Droplets Staining and Quantification 
	Immune-Metabolic Profile/Cytokine Secretion-Glucose Uptake 

	Results and Discussion 
	Finite Element Analysis 
	Microfluidic Testing: Inter-Compartment Permeability 
	System Testing with Parenchymal-Immune Cell Co-Culture 

	Conclusions 
	References

