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Enhancement of Renal Epithelial Cell Functions
through Microfluidic-Based Coculture
with Adipose-Derived Stem Cells
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Current hemodialysis has functional limitations and is insufficient for renal transplantation. The bioartificial
tubule device has been developed to contribute to metabolic functions by implanting renal epithelial cells into
hollow tubes and showed a higher survival rate in acute kidney injury patients. In healthy kidney, epithelial cells
are surrounded by various types of cells that interact with extracellular matrices, which are primarily composed
of laminin and collagen. The current study developed a microfluidic coculture platform to enhance epithelial cell
function in bioartificial microenvironments with multiple microfluidic channels that are microfabricated by
polydimethylsiloxane. Collagen gel (CG) encapsulated with adipose-derived stem cells (CG-ASC) was injected
into a central microfluidic channel for three-dimensional (3D) culture. The resuspended Madin-Darby canine
kidney (MDCK) cells were injected into nascent channels and formed an epithelial monolayer. In comparison to
coculture different cells using the commercial transwell system, the current coculture device allowed living cell
monitoring of both the MDCK epithelial monolayer and CG-ASC in a 3D microenvironment. By coculture with
CG-ASC, the cell height was increased with columnar shapes in MDCK. Promotion of cilia formation and
functional expression of the ion transport protein in MDCK were also observed in the cocultured microfluidic
device. When applying fluid flow, the intracellular protein dynamics can be monitored in the current platform
by using the time-lapse confocal microscopy and transfection of GFP-tubulin plasmid in MDCK. Thus, this
microfluidic coculture device provides the renal epithelial cells with both morphological and functional im-

provements that may avail to develop bioartificial renal chips.

Introduction

HIS ARTICLE DESCRIBES the functionalization of kidney

epithelial cells with capsule-like constitution in a cocul-
ture microfluidic device. Microfluidic-based approaches
have expensively been developed with the innovations in the
Bio-Micro-Electro-Mechanical System (BioMEMS).! To date,
several pieces of literature have reported to probe biological/
physiological-relevant issues (e.g., cell-cell interactions, cell
migration, cancer angiogenesis, and drug testing) through
microfluidics with various engineering designs.>> Using
BioMEMS techniques to create a well-confined biological
microenvironment for various types of mammalian cells, the
coculture system can be achieved with a two-dimensional
(2D) format by micropatterning a thin layer of the extracel-
lular matrix (ECM)*™® or in a three-dimensional (3D) micro-
fabricated matrix.” Both 2D and 3D platforms can be used to
monitor the living cells for studying intracellular responses
during the cell—cell interactions, which is a procedure superior

to regularly mixing cultures and the transwell filter insert
coculture systems. The coculture devices made via BioMEMS
techniques can also allow us to understand direct the cell-
cell contact between different types of cells. Some micro-
fluidic devices were recently developed to reconstitute the
tissue arrangements by coculturing the living cells within the
features observed in living organs (for review, please see
Ref.?). The concepts of “organs-on-chips” or “microtissue-
on-chip” were proposed to study the physiology in an organ-
specific context, develop specialized in vitro disease models,
and analyze the transcriptomic and proteomic functional
profiles.®”

In kidney failure, the therapeutic strategies of renal re-
placement are still more sufficient than those of current he-
modialysis.'’ Although hemodialysis can remove the end
metabolites and correct the acid base and electrolyte abnor-
malities by intermittent diffusive processes, the functional
limitations are due to the loss in tubular metabolic and en-
docrine secretions. The bioartificial tubule device (BTD),
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incorporates the proximal tubular epithelial cells of the kid-
ney, and is considered to play a vital role in treating acute
kidney injury and chronic renal failure by contributing to the
metabolic function and preventing inflammatory re-
sponses.'! The basic BTDs were developed in several types of
renal tubular cells to examine their interactions with the
ECM and artificial membranes,' or the metabolic function of
renal cell devices.'”"® The BTD removed inflammatory cy-
tokines in vitro and could be utilized for treatment of acute
uremic animals.!® However, the overgrowth of cells and
multilayer formation in long-term cultures consequently
limited the application of BTD.

The functional renal epithelial cell with maintenance of a
confluent monolayer plays an important role in renal ho-
meostasis.'*'® The adipose tissue has recently been shown to
be involved in the pathophysiology of renal disease and
kidney failure."” Previous studies have demonstrated that
the adipose tissue can allow Madin-Darby canine kidney
(MDCK) epithelial cells to develop a tall columnar shape
with increased production of glycogen and to increase the
size of MDCK cells in their coculture.'® Adipose-derived
stem cells (ASCs) are confirmed as a source of multipotent
stem cells that can be differentiated into osteogenic, chon-
drogenic, myogenic, and adipogenic cells in the presence of
lineage-specific induction factors in vitro.'">?° In the family of
mesenchymal stem cells (MSCs), the ASCs possess similar
characteristics of multipotency, molecular signatures, and
share common genetic signals similar to those of bone mar-
row MSCs (BM-MSCs).?"* Hence, the current study is in-
terested in developing a microfluidic device to improve renal
function in epithelial cells by coculture with ASCs. In this
coculture system, the two types of cells were cultured inside
microfluidic channels individually.

We aim to utilize BioMEMS techniques to create a cocul-
ture system with a combination of living cell microscopy and
the application of fluidic shear stress. The feature of Bow-
man’s capsule in the nephron was manufactured for the
proposed coculture microfluidic device. Our system could
easily visualize the interactions between kidney epithelial
cells and ASCs. The collagen gel-encapsulated ASCs in the
central channel provided a large interface to facilitate the
morphological changes in epithelial cells. The cup-like
structure that contains the epithelial monolayer allowed the
shear stress application and fluid collection. The functional
assessments also confirmed the epithelialization and matu-
ration of the cocultured epithelium. These results, we believe,
have a broad range of potential application in renal biology,
such as drug screening, mechanism of kidney disease, and
kidney tissue engineering.

Materials and Methods
ASC isolation and cell culture

The ASCs were harvested from the abdominal fat pad in
Sprague-Dawley rats with the age of 8 weeks. The experi-
mental design and animal protocols were reviewed and ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) in the National Cheng Kung University. Briefly, the
subcutaneous fat pads were obtained from the abdominal fat
tissue after scarification by CO, inhalation. The isolation of
ASCs from the rat adipose tissue was modified from the
previous techniques.”® To isolate stromal cells, samples were
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washed extensively with phosphate-buffered saline (PBS; In-
vitrogen), cut into small pieces, and then digested with 0.075%
collagenase (Sigma-Aldrich) at 37°C for 1h. The collagenase
was inactivated by adding an equal volume of the Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) with 10% fetal
bovine serum (FBS; HyClone). After filtrating and lysis of red
blood cells, the pelleted stromal vascular fraction was col-
lected by the infranatant centrifuge and enriched by a plastic
adherent for the preadipocyte population. The ASCs were
cultured in the DMEM consisting of 10% FBS and 1% peni-
cillin-streptomycin (Invitrogen) at 37°C in 5% CO,. The
multilineage differentiation capabilities were induced by re-
placing the medium to the osteogenic, chondrogenic, and
adipogenic differentiation medium and verified by the
methods as previously described.”® All ASCs used in the ex-
periments were obtained between passages 4 and 8.

MDCK (kidney epithelial cell line, ATCC, CCL34) cells
were cultured in the DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin. Cells were cultured on a 10-
cm Petri dish (Nunc) and maintained in a humidified incu-
bator (Thermo Forma) at 37°C with 5% CO, as previously
described.”

Coculture of MDCK and ASC

The coculture of MDCK and ASC in the microfluidic de-
vice was modified from the gel injection methods in poly-
dimethylsiloxane (PDMS) microfluidics as described.? The
photolithography master was created by spin coating a 150-um
layer of SU-8 100 negative tone photoresist material (Micro-
Chem), followed by the processing of SU-8 fabrication steps:
soft baking, exposure, postexposure baking, and develop-
ment.** The PDMS (Sylgard 184; Dow Corning) microfluidics
was made by replica casting PDMS against a master and
cured at 65°C for 2h in a vacuum chamber. As the PDMS
cured, the microfluidic channels were peeled off and exten-
sively rinsed by distilled water, and then autoclaved be-
fore the cell culture. To visualize the epithelial function,
the sterilized microfluidics was assembled on a cover glass
(Corning). The inlet and outlet of coculture device were
connected by polyethylene tubes for injection of cells or ap-
ply fluid flow (Fig. 1A).

The coculture platform was designed with the schematic
of epithelial monolayer of MDCK cells to interact with ASCs
embedded in the 3D gel (Fig. 1B). The ice-cold type I collagen
(rat tail; BD Bioscience) was prepared for cell culture by
adding concentrated PBS (10x) and polymerized by adjust-
ing the pH to 7.4 by using NaOH (IN; Sigma). The re-
suspended ASCs (1x10° cells/mL) were mixed with the
collagen solution (1:2) to achieve an ASC-encapsulated col-
lagen gel (CG-ASC). In groups that contain the CG only, an
equal volume of PBS was mixed to maintain a similar final
concentration for CG (2.5mg/mL). Either the CG or CG-ASC
were injected into the coculture device and polymerized in a
humidified incubator at 37°C for 2h. To enhance the cell
attachment, the glass surface on empty channels was thin
coated with type I collagen (5ug/ cm?; BD Bioscience) for
30 min. The resuspended MDCK (1 x 107 cells/mL) were then
applied to the empty chamber to form a monolayer on the
cover glass. The culture environment for the assembled co-
culture system was kept in a regular humidified incubator
for indicating time points.
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FIG. 1. The cup-like coculture system was
manufactured by microfluidic technologies.
Color picture of empty polydimethylsiloxane
with enlarging the details of multiple chan-
nels (A). Schematic diagram of microfluidic
device exhibited the feature similar to the
Bowman'’s capsule in kidney (B). The adi-
pose stem cells were embedded in the colla-
gen gel (CG-ASC) and injected into the
central channel. After polymerization of CG-
ASC, the suspending kidney epithelial cells
(MDCKs) were applied to the peripheral
channel and formed a monolayer. A clear
interface between the three-dimensional en-
vironment of CG-ASC and the epithelial
monolayer of MDCKs was observed after
coculture for 24 h (C). The dash line shows
the estimate border to confine CG-ASC by
the surface tension of gel. Scale bar in
(A)=1cm. Scale bar in (C) =400 um. MDCK,
Madin-Darby canine kidney.

The commercial coculture transwell (BD Falcon; six-well
plates) with an 8-pum pore size of polycarbonate membrane
was also used to study the cell-cell interaction between
MDCKs and ASCs. To compare the cellular morphology
between different systems, the seeding densities for both
ASCs and MDCKs in transwell are the same with these in the
microfluid coculture device. The CG-ASC was polymerized
in the lower compartment of a six-well plate (ASC-LC) or on
the bottom of a permeable membrane (ASC-BM) by inverting
the insert in a humidified incubator at 37°C for 2h. After the
gel polymerization, the insert was assembled to the transwell
plate and the MDCKs were seeded in the upper compart-
ment and formed a monolayer on the translucent permeable
membrane insert. After coculture for 48h, the MDCKSs with
permeable membranes were fixed and cut down from the
insert for immunofluorescent staining.

Immunofluorescence staining and 3D reconstruction

To investigate the epithelium morphology, MDCKs in-
jected into the microfluidic device were observed by both
phase- and differential interference-contrast (DIC) images
using a spinning disc confocal microscopy (IX-71 DSU;
Olympus Co.) at 24, 48, and 72h. Images are collected with
environmental control at 37°C when acquiring the living cell
confocal images. To identify the functional protein expres-
sion, the immunofluorescent staining was performed with-
out dissembling the microfluidic device. The cells coculture
in microfluidics were perfused by PBS, fixed with 4% para-
formaldehyde (Sigma-Aldrich), and then permeabilized in
0.1% Triton X-100 (Sigma-Aldrich). The cell-cell junction was
labeled by rabbit polyclonal beta-catenin (B-catenin) (1:200;
Santa Cruz Biotech.) and followed by TRITC-conjugated
secondary antibodies (1:200; Jackson ImmunoResearch Lab,
Inc.). To indicate the cilia formation in epithelial cells, the
fixed cells were labeled with mouse monoclonal antibodies
against acetylated tubulin (Ac-Tub) (alpha tubulin, 1:200;
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Invitrogen), and then followed by FITC-conjugated second-
ary antibodies (1:200; Jackson ImmunoResearch Lab, Inc.).
The function of ion transportation in the epithelial cell was
labeled by an antibody against the ol subunit of sodium/
potassium-ATPase (Na®/K* ATPase) (1:200; Santa Cruz
Biotech.). Cell nuclei were visualized with 4,6-diamidino-2-
phenylindole staining (DAPI, 1:1000; Molecular Probe, Inc.).
After staining, the samples in microfluid devices were rinsed
with PBS, and then mounted in a glycerol gelatin mounting
medium (GG-1; Sigma-Aldrich).

Specimens were examined using a spinning disc confocal
microscope that connected to a cooled-CCD camera (Olym-
pus). The 3D image slices were acquired with 0.5-um-thick
optical sections from bottom to top of the cell in the Z-axis by
using a 60x-oil objective lens, and then reconstructed by
commercial software (CellR”; Olympus). The cell height of
MDCKs was defined by the numbers of in-focus sections
among serial 3D images for both DIC and fluorescent im-
ages. In fluorescent images, the cell height was further
measured from the thickness of Z-stack images using com-
mercial software (CellR”; Olympus). The fluorescent inten-
sities of labeled proteins were analyzed by Image] Software
(Image]). At least three areas in the peripheral channels were
randomly selected and analyzed in each experiment. The
number of cilia formation was counted by concentrated Ac-
Tub with cilia morphology in at least three random areas for
each device. All the samples for immunofluorescent staining
were obtained from at least three independent experiments.

Application of fluid flow on microfluidic system

After culture the MDCKs in the microfluidic device
overnight, the MDCKs were subjected to fluid shear stress in
the channel. The flow was created by negative pressure of
pulling the syringe (0.025 or 0.0125 mL/min) mounted on a
syringe pump (NE-4000; Next-Advance Lab). The wall shear
stress on the surface terminal epithelial monolayer can be
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calculated by t=6Qu/ Wh?2, where Q is the volume flow rate,
W and h are the width and height of the flow channel, and p
is the fluid viscosity.”> The central channels containing the
CG or CG-ASC were sealed by placing a PDMS block at the
injection site. The fluidic path in the current device starts at
the fluid reservoir, goes through injection sites and connec-
tion tubes, follows channels with cup-like features, and goes
to the terminal of the collecting end before exiting the device.
To avoid the complex flow pattern at the interface of the cup-
like feature of the central channel, we study the living cell
dynamics of MDCKs in response to the laminar shear stress,
which located at the straight collecting channel. The straight
part of the coculture device that contains only MDCKSs has a
dimension of 2 mm in width and 150 pm in height. Therefore,
the estimate shear stress on MDCKs is 0.5 dyne/cm? with the
volume of 0.025mL/min and is 0.25 dyne/ cm? with the
volume of 0.0125 mL/min. To visualize the fluid distribution
when applying flow in microfluidic channels, the PBS mixed
with Trypan Blue (1:1) (Invitrogen) was used to label the
liquid and immediately sucked into the channel after turning
on the syringe pump. The phase-contrast images were taken
at different time point by using a 10X objective lens on in-
verted microscopy (Olympus Co.).

Living cell observation for intracellular
protein dynamics

To demonstrate the ability of monitoring protein dynam-
ics in living cells using the current microfluidic device, the
GFP-alpha-tubulin plasmid (gift of Professor Shu Chien) was
transfected into MDCKs by using the Lipofectamine reagent
(Invitrogen). Cells were used for coculture experiments after
36h of transfection. After coculture of the transfected
MDCKs in the microfluidic device overnight, the MDCKs
were subjected to fluid shear stress as aforementioned. The
GFP-tubulin was measured by a time-lapse spinning disc
confocal microscope (Olympus) with an excitation wave-
length of GFP at 488nm and detected between 506 and
538 nm. The dynamics of GFP-tubulin was recorded at the
speed of 1 frame/min, since 1min before shear stress ap-
plication by using a 40 xobjective lens. The animation of
GFP-tubulin dynamics under shear stress in the coculture
device was exported to the movie file by commercial soft-
ware (CellR?; Olympus).

Statistics

Data represented are mean+S.D. from three independent
experiments (from different donors of rat ASCs) for each
group. The differences between groups were analyzed by
one-way ANOVA and the Bonferroni test for multiple
comparisons, with p <0.05 taken as statistically significant.

Results

Living cell monitoring for epithelial monolayer
and gel-encapsulated 3D microenvironment

The microfluidic coculture system was established by
embedding ASCs in the CG and a monolayer culture of
MDCKSs in nascent channels (Fig. 1). The ASCs were encap-
sulated in a 3D microenvironment by mixing them with type
I CG and injecting the mixture into the central channel before
crosslinking. The columnar PDMS pillars confined the CG
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within the central channel by surface tension and formed the
3D structure with a diameter of 3 mm and a height in 150 pm.
The dimension of the central channel and distance between
PDMS pillars were designed with the consideration to in-
corporate a high cell number of ASC, an efficient small
amount of CG, and a high interaction surface with a nascent
channel. As the CG polymerized, the suspending MDCKs
were injected into the surrounding channels to form an ep-
ithelial monolayer (Fig. 1C).

The morphologies of the monolayer and 3D encapsulated
cells were observed in phase-contrast images at 1, 24, and
48h (Fig. 2). The suspending MDCKs were injected into the
entire microfluidic channels to mimic the cell culture condi-
tions in a commercial culture dish (Fig. 2, MDCK, left panel).
At 1h after injection, the MDCKs were attached on the glass
surface and began to spread outward. The MDCK mono-
layer could be observed after culturing for 24 h. For the 3D
gel without ASC, the CG was injected into the central
channel and the suspending MDCKs were applied into the
nascent channels after gel polymerization (Fig. 2, MDCK +
CG, middle panel). A clear border was observed between the
gel and the epithelial monolayer to demonstrate the 3D mi-
croenvironment that was created by collagen crosslinking
within the central PDMS channel. The formation of the
MDCK monolayer could also be observed after 24h of cul-
turing with the CG. At 48h, the clear border still existed
between the MDCK and the CG, thus indicating the integrity
of the CG in the central channel for long-term culture. In the
coculture of MDCKs with the gel-embedded ASC (CG-ASC),
the application of suspending MDCKSs was proceeded to the
surrounding channels after the polymerization of the CG-
ASC mixture (Fig. 2, MDCK+CG-ASC, right panel). The
ASC embedding in the 3D CG exhibited a circular shape at
1h after MDCK injection. After coculturing for 24 h, spindle-
like morphologies were observed in the ASCs. The epithe-
lium of the MDCK also formed at 24h and demonstrated a
clear interface between the monolayer and the 3D microen-
vironment after culturing for 48h (Fig. 2, yellow arrows).

Increase of cell height and column-like epithelium
by coculture system

We next measured the cell height in MDCKs after cul-
turing for 48h. After obtaining the phase image by using
10 x objective lens, the sections in the Z-axis around the in-
terface of the monolayer and the 3D microenvironment (Fig.
3A, yellow squares in phase images) were obtained by both
DIC and fluorescent images using a confocal microscopy
(Fig. 3A). The cell height was determined according to
numbers of in-focus slices from serial sections in the Z-axis.
By counting the number of DIC images, the cell height of
MDCKs without coculture (MDCK) and cocultured with
only collagen gel (MDCK+CG) were 3.44+0.19pm and
3.56£0.19 uym (Fig. 3B). The MDCKs cocultured with colla-
gen gel-embedded ASCs (MDCK+CG-ASC) increased the
cell height to 5.11£0.51 um. The thickness of the cell-cell
junction was visualized by immunostaining of B-catenin (Fig.
3A, IF panel) and stacking in Z sections (Fig. 3A, right panel)
to confirm the cell height. The cell heights in MDCKs were
quantified by measuring the thickness of Z-stack images.
Only the MDCKSs cultured in the microfluidic device had an
average cell height of 3.5+0.35um (Fig. 3C). The MDCKs
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FIG. 2. Time-course images 1

for living cells cultured in
microfluidic device. The
phase image of the MDCKs
only (MDCK), MDCK cul-
tured with collagen gel
(MDCK +CG), or MDCKs
cocultured with the ASCs
encapsulating in collagen gel 24
(MDCK +CG-ASC) were ta-
ken by 10 x objective lens af-
ter seeding for 1, 24, and 48 h.
The interface between
MDCKs and collagen gel
(yellow arrows) still remains
clear after coculture for 48 h.
Scale bar =200 pm.

cultured with the CG showed a cell height of 3.5+0.1 mm,
which was not taller than the cell height for culturing only
MDCK. The MDCKs in the microfluidic coculture system
showed a significant increase of cell height to 4.7+0.37 um
with thickening of the cell-cell junction (Fig. 3C).

A commercial transwell plate was used to verify the
change of cell morphology in coculture conditions. The DIC
images could not distinguish the cell morphology when the
MDCKs formed a monolayer on the translucent permeable
membrane (Fig. 4A, DIC panel). The immunostaining of B-
catenin for the MDCKs cultured on the commercial transwell
membrane insert were performed after fixing the cells (Fig.
4A, IF panel). Similar to the thickening of the cell-cell junc-
tion as demonstrated in the microfluidic device, an increase
of cell height was found in the MDCKs when cocultured
with CG-ASC both in the lower compartment of a six-well
plate (ASC-LC) and on the bottom of the permeable mem-
brane (ASC-BM) (Fig. 4A, Z-stack panel). The quantified
thickness of the cell—cell junction demonstrated that either
coculturing the CG-ASC in the lower compartment or on the
bottom of the membrane facilitated the columnar shape in
MDCKs (Fig. 4B). This suggested that the increase of cell
height in cocultured MDCKSs may be through direct cell—cell
contact (ASC-BM) or through the paracrine effect (ASC-LC)
that release some factors to the upper compartment of the
transwell insert. However, the commercial transwell plate
limited the ability of living cell observation when performing
the coculture experiments.

Inducing epithelial function and cilia formation
in cocultured MDCKs

We tested the functional expression pattern of ion trans-
portation in the kidney epithelium, which is essential for
urine formation. The Na™ /K" ATPase form a complex (by
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MDCK + CG-ASC

alpha and beta subunits) on the cell membrane that couples
the hydrolyzed ATP to import three Na™ ions and two K*
ions against their respective electrochemical gradients.”
When culturing the MDCKs in the microenvironment con-
taining the collagen gel (both in CG and CG-ASC condi-
tions), the Na* /K" ATPase showed increases on the cell
membrane by labeling with the fluorescent intensity for
the antibody against the ol subunit of Na*/K* ATPase
(Fig. 5A). The quantification of fluorescent intensity further
confirmed the induction of iron channel proteins (Fig. 5C).
This indicates that culturing the MDCK in the microenvi-
ronment containing the CG could enhance the expression of
Na* /K" ATPase. The encapsulation of ASCs in the 3D gel
can further increase this protein expression in cocultured
MDCKs (p<0.05, between MDCK+CG and MDCK+CG-
ASC) (Fig. 5C).

The functional epithelial cells have primary cilia on the
apical surface of the lumen.*” Cilia can be visualized using
immunofluorescence microscopy and primary antibodies to
mark the axoneme and adjacent basal body. Acetylation of
tubulin results in stabilization of tubulin polymers during
mitosis. In quiescent epithelial cells, the Ac-Tub is strongly
enriched in microtubules to form the cilia. For culturing only
MDCKSs, the tubulin was widely distributed within cytosol,
barely revealing the concentrated Ac-Tub (yellow arrows) to
form the cilia (Fig. 5B). The MDCK culture with CG did not
increase the cilia formation, either. However, the accumula-
tions of Ac-Tub were observed in MDCK when coculturing
in the CG-ASC microfluidic system for 48h (Fig. 5B). The
quantified results showed a significant induction of cilia
formation with the number of 329.8+28.6 per mm?” in co-
cultured MDCKs (Fig. 5D). These results indicated the ben-
eficial effects in MDCKs by creating a culture environment in
a microfluidic device using the CG and further enhancing
functional epithelialization by coculturing with ASCs.
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FIG. 3. Coculturing the MDCK with CG-ASC enhanced columnar morphogenesis. The cell height was investigated in
MDCks (dotted lines) after cultured with different conditions for 48 hours. A taller cell height was measured from the increased
number of in-focus Z-sections using differential interference contrast (DIC) images in a spinning disc confocal microscopy. The
immunofluorescent staining (IF) of B-catenin was also used to demonstrate the thickening of cell-cell junction in MDCKs when
coculturing with CG-ASC by measuring the stacks of Z-sections (A). Increasing the number of in-focus DIC images indicated
the significant increase of cell height in cocultured MDCKs (B). The quantitative analysis in the thickness of cell junction was
measured from Z-stack images (C). Scale bar=20 pm. *Significant difference (p <0.05) from culture only MDCKs.

Applying fluid flow to MDCKs in coculture device

The capability of observing the dynamic intracellular re-
sponses in MDCKs with the application of fluid flow is also
an advantage of the current coculture microfluidic platform.
The GFP-alpha-tubulin plasmid was transfected into MDCKs
for acquiring the dyanmics of tubulin under fluid flow. After

A DIC IF IF Z-stack

assembling the microfluidic device and polymerizing the
CG-ASC in the central channel, the transfected MDCKSs were
applied into the nascent channels and incubated overnight to
form a monolayer. The fluid flow was applied to the MDCKs
by pumping the culture medium using a syringe pump. The
straight part of the terminal collecting channel cultured with
MDCK has the dimension of 0.2cm in width and 150 pm in

FIG. 4. Morphological veri-
fications by commercial
transwell system. The
MDCKSs monolayers were
formed on the upper surface
of the permeable membrane
insert. The CG-ASC was po-
I lymerized in the lower com-
partment of a six-well plate

| (ASC-LC) or on the bottom of
the permeable membrane

. (ASC-BM) (A). However, the

commercial transwell cannot
observe the cell morphology
when acquiring the DIC im-
ages. The quantitative analy-
sis for measuring the
thickness of cell junction can
only be performed in fixed
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s s immunostaining (B). The
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in MDCKSs was confirmed by
immunofluorescent staining
of B-catenin when coculture in
both ASC-LC and ASC-BM
conditions. *Significant differ-
ence (p<0.05) from culture
only MDCKs.
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FIG. 5. Coculture system promoted the expression of functional markers in MDCKSs. The fluorescent intensity of o1 subunit
of Na* /K" ATPase was increased in MDCKs when applying collagen gel (both of CG and CG-ASC groups) (A). The
concentrated acetylated tubulin (Ac-TUB, yellow arrows) indicated the induction of cilia formation in the MDCKs after
cocultured with the CG-ASC for 48h (B). Significant increases of Na*/K* ATPase intensity (C) and cilia numbers (D)
demonstrated the functionalization of eplthehal monolayer in the current microfluidic device. Scale bar =50 um. *Significant
difference (p <0.05) from culture only MDCKs. *Significant difference (p <0.05) between MDCK +CG and MDCK + CG-ASC.

height. As the calculation mentioned in methodology, the
shear stress was estimated about 0.5 dyne/cm? with pulling
of the liquid at 0.025 mL/min and about 0.25 dyne/cm? with
0.0125mL/min of pump speed. When coculture the trans-
fected MDCKs with CG-ASC under static condition (time=
0), the GFP-tubulin also showed a concentrated spot near the
cell nucleus (Fig. 6A). The distribution pattern of tubulin was
similar to the cilia formation that labeled by using the Ac-

FIG. 6. Fluid shear stress was applied to the A

Tub antibody in Figure 5B. With the application of shear
stress at 0.5 dyne/cm?, the changes of GFP expression and
distribution indicated the dynamics of microtubules in re-
sponse to fluid flow using the current coculture device
(Supplementary Movie S1; Supplementary Data are available
online at www.liebertpub.com/tea). Since the MDCKSs
formed a monolayer in coculture with CG-ASC, the cell
migration and morphology under shear stress did not show

Flow (min)

MDCKs in the cocultured microfluidic device
by negative pressure of pulling the syringe
pump. The flow rate was created by culture
medium flow using a pumping syringe and
set at 0.025mL/min to create an estimate
shear stress of 0.5 dyne/cm” on MDCKs. The
dynamics of alpha tubulin was visualized by
transfection of GFP-tubulin plasmid into the
MDCKs and taking the time-lapse images by
confocal microscopy when subjecting to the
shear stress with the direction from right to
left (white arrows) (A). The phase image
showed a confluence monolayer of coculture
MDCK with labeling of the cell border (yel-
low dash line) before the application of shear
stress [time 0 in (A)] (B). Increases of GFP-
tubulin near the cell nucleus (A1 area) were
observed with quantifying the GFP intensities
of other intracellular areas (A2 area) after
shear stress application. The shear stress also
increased the membrane protrusion [yellow
arrows in (A)]. The structure of coculture en-
vironment still maintains properly after ap-
plying fluid flow at 0.25 dyne/ cm? for 24h
(C). Both MDCKs and ASCs were still alive
by negative staining of Trypan Blue, which
suggested the success of the proposed mi-
crofluidic device with novelties in coculture
and fluid exchange. Scale bar =400 pm.
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a significant change as compared to the refer position (white
dash line in Fig. 6A). The cell boundary of transfected MDCK
was labeled with a yellow dash line in the phase image be-
fore the application of shear stress (time=0) (Fig. 6B). When
normalizing the GFP intensities to the same areas before
shear stress, the quantification in the area A1 and A2 showed
different spatial distributions. The GFP-tubulin expression
was increased at the area near the nucleus (Al area) as well
as at the cell periphery with downstream of shear stress
(yellow arrow) (Fig. 6B).

We hope the proposed microfluidic device can be inte-
grated into hemodialysis systems in the future. Thus, the
applying of fluid flow and testing the integrity of the device
under shear stress is essential for coculture microenviron-
ments. The coculture device was created by seeding different
cells using a cell culture medium and incubated overnight to
allow the cell to spread out. The coculture conditions of
ASCs in the 3D CG and monolayer of MDCKSs were assessed
with long-term application of fluid flow. After 24 h of shear
stress application, the PBS mixed with Trypan Blue was
applied into the microfluidic channel by using a syringe
pump. The coculture microenvironment still showed a clear
border between the CG-ASC and the MDCK channels after
applying flow for 24h (Fig. 6C). The cells were still viable
and excluded the Trypan Blue from staining. This proved the
possibility to provide fluid exchange in current microfluidic
devices without damaging the coculture structure or cells.

Discussion

The design of the current coculture microfluidic device is
inspired by the naturally anatomical structure of the Bow-
man’s capsule in the human kidney. The Bowman'’s capsule
inside the nephron has a cup-like sac at the beginning of the
tubular component to perform the first filtration of blood to
form urine. There are two poles for the capsule: the vascular
pole contains arterioles and encloses a glomerulus in the sac;
and the urinary pole is the side with the proximal convoluted
tubule. The network of glomerulus in the capsule provides a
vast 3D surface area on the fenestrated vessels with a high
filtration rate via ultrafiltration and collects the fluid effi-
ciently by the surrounding proximal tubule. In the current
study, the central channel was not culturing the endothelial
cells nor was it responsible for fluid filtration. However, the
cup-like platform provided a wide interface for epithelial
cells to interact with the CG-ASC. The CG-ASC can be easily
injected into the central channel with small amounts of both
the CG and ASCs. The fluid was collected at the terminal of a
cup-like channel. By current feature, the coculture environ-
ment can be seen as a single capsule unit for studying the
cell—cell interactions.

The fluid flow in the current study was chosen at 0.25 or
0.5 dyne/cm? according to the study to trigger the me-
chanosensation in kidney tubular epithelial cells.”® The fluid
flow has some beneficial effects on epithelial cells. Applica-
tion of shear stress at 1 dyne/cm? in primary cultured inner
medullary collecting duct cells from the rat kidney facilitated
the translocation of aquaporin-2, vasopressin-regulated
water channel protein, to the apical surface.”” The shear
stress of the renal collecting duct in rat is depending on the
rate of urine production and estimated in a range of 0.2-20
dyne/cm?* The microfluidic device designed in the current
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study is able to cover the range of possible shear stress in the
collecting duct for relative in vitro study in the future. For the
commercial hemodialysis system in a clinic, the dialysis
machine usually sets the blood flow rates at 400 mL/min and
the dialysate flow rates between 350 and 800 mL/min.*!
Since we only applied the fluid flow rate at 0.025mL/min in
a single microfluidic device and at least in the order of 10°
flow rates should increase to provide sufficient fluid ex-
change if willing to connect the current device with the di-
alysis machine, the collection of fluid from multiple units of
current microfluidic design is necessary for future hemodi-
alysis. By distributive multiple branching of the microfluidic
channels, the amplification of the coculture units to array-like
chips could be achieved and allowed to inject/collect fluid
simultaneously. Running multiple units of the current device
in parallel could increase the volume of fluid passing
through the coculture environment and collect sufficient
media that contain enough factors released by cocultured
cells to treat the kidney diseases.

Utilizing the principles of tissue engineering, 3D growth of
cells on polymeric scaffolds provides a more physiologic
condition to induce cell differentiation and tissue recon-
struction.?”®® Furthermore, the 3D structure exhibited
physiological microenvironments superior to the 2D surfaces
in cell morphology, adhesion, proliferation, and migra-
tion.>** The coculture system manufactured by BioMEMS
technologies have the specialty to create dynamic cell—cell
interactions for liver tissue® or reconstitute organ-level lung
functions with mechanical stretch.”” The culture of MDCK in
microfluidic device with application of shear stress was
performed to study the force transduction mechanism in
promoting cell polarization,®® cytoskeletal reorganiza-
tion,*®*° and intracellular Ca®* response.39 Different from
previous studies that only seeded MDCK in microfluidic
device, the current coculture device discovered the MDCK
formed a monolayer and changed the morphology when
interacting with the 3D CG-ASC. One of the advantages in
the current design is, easy to separate two cell populations
by capsuling ASC in the 3D CG, and then apply the MDCK
to form a monolayer. A coculture of two cell types with
specific geometry in 2D circumstance may also be achieved
by micropatterning a different ECM for desired cells with
multiple surface coating and cell-seeding procedures. A
specific geometry of ECM coating is difficult to perform in the
microfluidic device. Furthermore, both ASCs and MDCKSs are
using collagen as the ECM for cell adhesion in the current
study. Even coculture of ASCs and MDCKs could be achieved
in 2D circumstance; the application of fluid shear stress only
to MDCKs is also a difficult task. This microfluidic device can
immediately observe the phenotypic changes and further
provide insights into the underlying mechanisms of cell—cell
interactions in both types of cells. Since we can apply fluid
flow to this coculture microenvironment, the cell—cell inter-
action and functional remodeling in renal biology under shear
stress can be studied using the current device.

Another advantage for the current coculture platform in-
volves the use of ASCs. The transplantation of embryonic
stem cells (ESCs) may also provide similar results. However,
usage of ESCs raised great ethical concerns and consequen-
tial teratoma formations. Once the ESCs are transplanted into
the host, the immunosuppressant agents are indispensable.
Unlike ESCs or other precursor cells, several advantages in
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ASCs promote clinical application potentials, which include
the following: (1) abundant in quantities that can be ac-
quired; (2) ease in harvesting under minimally invasive
procedures; and (3) autologous origins that are ready for
further clinical application.”” Udo et al. embedded adipose
tissue fragments in a 3D CG and developed an organotypic
culture by overlaying a monolayer of MDCKs.'® Promotion
of the structural differentiation in MDCKs was found in co-
culturing with ASCs isolated from subcutaneous or perirenal
adipose tissues, but not in coculturing with 3T3 fibroblasts.
The mechanism for the adipose tissue to promote the hy-
pertrophy, polarization, and differentiation of MDCKs were
determined by opposing the endocrine or paracrine effects of
leptin and adiponectin to attenuate the growth and apoptosis
of MDCKs."® We also observed the polarization and matu-
ration of MDCKs in the current microfluidic device. The
coculture of CG-ASC in the lower compartment and MDCKs
in the upper transwell insert also facilitated the columnar
shape in MDCKSs by using the commercial transwell system
in this study. These suggested the paracrine effects for ASCs
to interact with MDCKs when embedded in the 3D CG.
When applying the Trypan Blue into the coculture system,
the negative staining demonstrated high viability in MDCKs
with subjected to fluid flow. To focus on the beneficial effect
of MDCK functionalization using current coculture micro-
fluidic device, we did not address the responses of ASCs
embedded in the CG and cocultured with MDCKs. These are
very interesting and important issues, which could be stud-
ied by using the current platform. Besides, autologous adult
stem cells are the most ideal source for clinical application in
regenerative medicine. Other sources of stem/precursor
cells, such as MSCs,*! placenta-derived multipotent cells,®® or
kidney progenitor cells** may also be applied into the CG to
explore the applications.

Columnar morphogenesis was observed in cocultured
MDCKs. The epithelium in the kidney tissue is asymmetric
or polarized with cells in columnar shape.*’ Lateral mem-
branes provide cell-cell adhesion and diffusion barriers,
which are possessed by desmosomes, adheren junctions, and
tight junctions. The microtubule plays an important role in
the morphogenesis of columnar-shaped and polarized epi-
thelial cells.** Cilia formation also demonstrated the func-
tional epithelialization in MDCKs. Although the detail
function of cilia on the kidney epithelium is still unknown, a
defect of the primary cilium in the renal tube cells can lead to
polycystic kidney disease.*** The Na-K-ATPase, also
known as the sodium pump, is involved in the formation of
tight junctions and regulation of intracellular sodium ho-
meostasis.*® The normal function of Na-K-ATPase in the
tight junction assembly is related to RhoA GTPase and stress
fibers in epithelial cells. Loss of polarity and mislocalization
of Na-K-ATPase is also related to polycystic kidney disease.
Taken together, our results in increased cell height, cilia
formation, and Na-K-ATPase expression demonstrated the
improvement of the epithelial function in MDCKs by co-
culturing with CG-ASC in the microfluidic device. Other
functional assessments may also be incorporated to verify
the clearance of creatinine (Cr) or leakages of urea nitrogen
(UN) by seeding the epithelial cells on the porous mem-
brane.'” UN and Cr were added at concentrations of 20 mM
UN and 5.0mg/dL Cr to the basal medium after the cells
reached a confluence and formed a monolayer. In the current
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study, the monolayer of MDCKs was seeded on the cover
glass and unable to test the permeability of the epithelium.
However, the clearance rate of different wastes may still be
evaluated with various flow rates and culture conditions in
the future.

Other hydrogels, such as Matrigel and agarose, may also
be incorporated to current microfluidic devices. The 3D gel
must encapsulate the ASC and not damage those cells during
polymerization processes. Thus, ultraviolet photo-polymeri-
zation using PEG derivatives’ or ionic crosslinking of algi-
nate* are not appropriate for the current platform. A
multilayer structure for a 3D coculture by using layer-by-
layer microfluidic technology may also achieve results sim-
ilar to the current platform. The multilayer design may
prevent the diffusion of fluid from the epithelial channel to
the CG during the application of fluid flow. However, the
usage of a porous membrane to create a multilayer could
prohibit the direct cell-cell contact and living cell observa-
tions. Although the current platform demonstrated several
benefits for coculture of the MDCK and ASC, there are some
improvements that need to be done in the future. First, the
dimensions of channel are not optimized during design and
layout. There are several factors that need to be considered
when designing the central and peripheral channels, such as
a large cell-cell interaction surface, efficient amount of ASC
and CG to stimulate MDCK functionalization, flow pattern
and application methods in the MDCK channel. These pa-
rameters are currently optimizing computational simulation
and testing the responses in both types of cells for future
biomedical applications.

Conclusion

The schematic diagram of the current microfluidic device
provides ASCs embedded in the CG and directly interact
with MDCKs. The cup-like peripheral channel allows the
MDCKs to have a large interface with the central channel
that contains CG-ASC. Coculturing with GC-ASC enhanced
cilia formation and renal epithelial functions in MDCKs. The
current coculture platform can apply shear stress on epithe-
lial cells and allow fluid exchange. These advantages may
provide beneficial innovations for developing renal chips in
the future.
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