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ABSTRACT: Kidney-on-a-chip devices may revolutionize the discov-
ery of new therapies. However, fabricating a 3D glomerulus remains a
challenge, due to a requirement for a microscale soft material with
complex topography to support cell culture in a native configuration.
Here, we describe the use of microfluidic spinning to recapitulate
complex concave and convex topographies over multiple length scales,
required for biofabrication of a biomimetic 3D glomerulus. We
produced a microfluidic extruded topographic hollow fiber (h-
FIBER), consisting of a vessel-like perfusable tubular channel for
endothelial cell cultivation, and a glomerulus-like knot with microconvex
topography on its surface for podocyte cultivation. Meter long h-FIBERs
were produced in microfluidics within minutes, followed by chemically
induced inflation for generation of topographical cues on the 3D
scaffold surface. The h-FIBERs were assembled into a hot-embossed plastic 96-well plate. Long-term perfusion, podocyte barrier
formation, endothelialization, and permeability tests were easily performed by a standard pipetting technique on the platform.
Following long-term culture (1 month), a functional filtration barrier, measured by the transfer of albumin from the blood vessel side
to the ultrafiltrate side, suggested the establishment of an engineered glomerulus.

1. INTRODUCTION

Organ-on-a-chip devices are poised to revolutionize pathophy-
siological studies and drug discovery. Specifically, kidney-on-a-
chip devices are of particular interest, since the incidence of
diabetic and hypertensive nephropathy is on the rise as the
population continues to age, and nephrotoxicity is also one of
the key reasons for the withdrawal of already approved
drugs.1−3 The kidney is an incredibly complex organ,
consisting of 26 different cell types in a precise geometrical
and structural arrangement.4 It is the precise structure and
orientation of these cells that are responsible for the
remarkable filtration function of the kidney.
Most kidney diseases have been recognized to begin with the

dysfunction of the glomerulus.5,6 The glomerulus functions as
the major filtration unit of the kidney, where plasma is filtered
to form concentrated urine. Considerable efforts have,
therefore, been made to build an in vitro glomerulus model
to better understand this filtration unit.
Developed from the self-organization of pluripotent or adult

stem cells, kidney organoids have offered a notable approach
for the modeling of kidney development and diseases in
vitro.7−9 While cells with the characteristics of glomerular
podocytes and glomerulus-like compartments were present in
these organoids, vascular flow and functional tests through the
in vitro kidney organoids were never realized due to their

immaturity.10,11 Though early glomerulus models, which made
use of a transwell device where cells were cultured on the
porous membrane, allow functional tests of cell barrier
function, these static models can hardly recapitulate the flow
environment of the glomerulus.12,13 Recently, advances in
microfluidics have made it possible to further mimic the
biomechanical microenvironment in vitro.14,15 Flow or
dynamic mechanical strain, focused on reproducing aspects
of the glomerular environment, was exerted onto the
glomerulus-derived cells, which have been cultured on a
membrane within the microfluidic chip.16−18 The fluid was
demonstrated to enhance the survival of isolated glomerular
microtissues and the modeling of physio-pathological fluid
environments to enable more biomimetic glomerulus mod-
els.19,20 By combining strain with physiological flow, Musah et
al. demonstrated that the differentiation of human induced
pluripotent stem cells into podocytes was enhanced, enabling
the fabrication of a human glomerulus-on-a-chip model.21
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However, even in these advanced models, cells are still
cultured in a simplified 2D geometry without recapitulating the
structure of a 3D glomerulus.
The kidney glomerulus is a knot of capillaries with

endothelial cells (ECs) lying inside the lumen at the blood
vessel side and podocytes covering the external surface at the
ultrafiltrate side (Figure 1A).22,23 To enhance the function of
in vitro models, appropriate structures with the intricate
architecture and complexity of native organs are required.24−27

Significant efforts have been invested in the fabrication of
tubular structures to mimic blood vessels by various engineer-
ing methods.28,29 It was demonstrated that 3D tubular
structures could enable physiological force-driven endothelial
behaviors, while a flat and stiff substrate would influence cell−
cell signaling pathways related with the barrier function.30−32

However, despite the feasibility of constructing various tubular
scaffolds, the absence of a microscale soft material with
complex topography, to enable cell coculture in a native
configuration, has limited the progress toward a biomimetic 3D
glomerular structure.
Here, we describe the use of microfluidic spinning to

recapitulate complex concave and convex topographies over
multiple length scales, required for biofabrication of a
biomimetic 3D glomerulus. The technique combines high-
throughput production, as meter long hollow microfibers can
be generated within minutes, with chemically induced inflation

Figure 1. Design of the biologically inspired h-FIBER. (A)
Glomerulus structure. (B) 3D structure of the h-FIBER. (C)
Perfusable glomerulus model based on h-FIBER. A scale bar in part
A shows the size of a typical adult kidney glomerulus.59 A scale bar in
part B shows the size of a typical knot. The knot is about 3−4 times
bigger than a typical glomerulus.

Figure 2. Fabrication of glomerulus-on-a-plate platform. (A−C) The generation of the microconvex topography on the hydrogel knot surface using
chemically induced inflation method. (A) Knotted hydrogel microfiber with embedded CaCO3 beads. (D) Fluorescent image of the h-FIBER
(TRITC-conjugated fluorescent beads were embedded in the hydrogel). (E) Low-magnification and (F) high-magnification SEM image showing
the microconvex topography on the scaffold surface. (G) Assembly of the h-FIBERs into a 96-well plate. (H) Gravity-driven perfusion of the h-
FIBER. (I) Perfusion of the h-FIBER by the syringe pump. (J) Schematics of the syringe pump connection. (K) Pump-driven flow at 70 μL/min
(blue food dye indicator). Scale bars: 200 μm.
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of the hydrogel for instantaneous production of microscale
topographical cues on the 3D microfiber surface. We term this
scaffold h-FIBER, consisting of a perfusable circular channel to
mimic the vascular lumen, a spindle knot to model the globular
architecture of a whole glomerulus, and microconvex top-
ography on the knot surface to recapitulate the varying
patterns of capillary loops (Figure 1B,C). Different from flat
2D membranes for endothelial cell/podocyte coculture, our
3D biomimetic glomerulus is situated in a custom-made hot-
embossed 96-well plate fabricated from tissue culture
polystyrene to enable cell seeding, maintenance, and perfusion
via gravity-driven flow, requiring no external pumps and
allowing for facile liquid handling. Enhanced podocyte
interdigitation was demonstrated on the knot regions of h-
FIBER, compared to the tube regions. Interdigitation was
further enhanced to support appropriate barrier function when
these knot regions were decorated with microtopography. With
the EC layer in the circular lumen, a functional glomerulus-on-
a-plate platform was established, demonstrating a potential use
in bioengineering and biomedical applications.

2. RESULTS AND DISCUSSION
The h-FIBERs were first generated from a coaxial microfluidic
device by hydrogel polymerization (Figure S1).33 Hollow
microfibers with 10 knots can be fabricated within 1 min,
which were then cut and used to build 10 glomerulus models
in the custom designed 96-well plates. A novel chemically
induced inflation method was developed to generate micro-
convex topography on the hydrogel surface (Figure 2A−C,
Figure S2). Similar to how we blow soap bubbles by expanding
air inside a soap solution, microconvex topography on the h-
FIBER was created by a simple chemical reaction between
CaCO3 and H+, to generate CO2 gas. These gas bubbles were

trapped, expanding the hydrogel and leaving convex structures
on the hydrogel surface (Figure 2D−F). The generated knot
sizes were 650−950 μm (Figure S3).
To facilitate cell attachment, RGD-conjugated alginate was

used for all experiments. The diffusivity of various molecules in
alginate has been reported to be high (Table S1),34−38

suggesting its feasibility for constructing a glomerulus model.
By assembling and sealing the base, together with the scaffolds,
onto a bottomless custom-made 96-well plate, the h-FIBERs
were then fixed inside the plate with the knot in the chamber
of the middle well and the two ends in the inlet and outlet
wells (Figure 2G). Up to 20 h-FIBERs were assembled into
one plate at the same time. Gravity-driven perfusion was
realized in these scaffolds by applying the hydrostatic pressure
difference between inlet and outlet (Figures 2H and 3A−C,
Video S1).39−41 By connecting the plate to a syringe pump,
fluid could also be pumped in the channel without leaking
(Figure 2I−K). The perfusion of FITC-conjugated bovine
serum albumin (FITC-BSA) solution in the lumen (Figure
3D) further demonstrated that the perfused media remained in
the lumen, flowing from the inlet to the outlet (Figure 3E),
while molecules (e.g., BSA) from the media could permeate
the hydrogel and diffuse into the middle well. By reversibly
tilting the plate every 3 h, long-term perfusion was easily
realized. The calculated shear stress induced by the gravity-
driven flow in the lumen ranges from 0.3 to 0.9 Pa, which is
within the physiological range of blood flow-induced shear
stress in a glomerulus (about 0.1−9.5 Pa).42

To fabricate the glomerulus model, a podocyte barrier
should be established on the external surface of the
glomerulus-mimicking h-FIBER. As cells tended to slip to
the bottom rather than settle down on the microscaffold during
seeding (Figure S4A−C), we developed a hanging-droplet cell

Figure 3. Assembled h-FIBERS are perfusable. (A−C) Fluorescence images of the inlet, middle, and outlet wells perfused with the fluorescent
beads. The arrow shows the direction of the flow. (D) Fluorescence image showing the perfusion and permeation of FITC-BSA. The arrow shows
the direction of the flow. The dotted line shows the location of the glomerulus-mimicking knot. (E) Quantitative results of perfusion. The p-value
of one-way repeated measures ANOVA over time for volume of media in inlet, middle, and outlet well is 0.0087 (**), 0.0694 (n.s.), and 0.0113 (*)
respectively. Data are shown as average ± s.d., n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Scale bars: 200 μm.
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seeding technique to improve cell attachment on the scaffold
(Figure 4A, Figure S4D−F). To maintain the integrity of h-
FIBERs, CaCl2 was added to the culture media in a
concentration that did not affect cell viability (Figure S5). In
proliferation media, the attached podocytes gradually covered
the majority of the h-FIBER surface. Upon additional
cultivation under differentiation conditions for 2 weeks,
nuclear staining (Figure 4B) demonstrated that podocytes
covered almost the entire external surface of the scaffold. The
surface area of the knot is about 1 899 072 μm2, which is about
28% of the total surface area. Interestingly, though cell density
on the tube and knot showed no significant difference (Figure

4C), the cell nuclei on the knot region were less elongated than
on the tube region (Figure 4D).
In vivo, podocyte slit diaphragms maintain glomerular

filtration function. Nephrin and podocin are podocyte-specific
proteins and vital components of the slit diaphragm.43,44

Nephrin and podocin expression were confirmed in the
podocyte layer formed on our scaffold (Figure 4F−H, Figure
S6). Probably due to the artifacts coming from the staining and
imaging processes, the staining is inhomogeneous across the
different knot regions. During the staining process, part of the
cell layer will touch the base of the container and thus be less
exposed to the antibodies. The possible inhomogeneous

Figure 4. Podocytes envelop the h-FIBER forming a barrier layer. (A) Hanging-droplet cell seeding technique. (B) DAPI nuclear staining. (C) Cell
density on the tube and knot. (D) Nuclear elongation on the tube and knot. (E−G) Confocal microscopy images showing the differentiated
podocytes. (E) F-actin and (F) nephrin staining. (G) The merged image of F-actin and nephrin staining (the inset shows a longitudinal cross-
section). (H) High-magnification image showing the merged image of F-actin, nephrin, and DAPI staining. The arrow points to the cells expressing
more nephrin. (I) Timeline of cell culture for control and differentiation groups. (J) Cell density for the two groups at Day 14. (K) The transferred
albumin concentration was measured at Day 0, Day 6, Day 10, and Day 14. The concentrations in the middle well were normalized to the
concentration of transferred albumin measured for the cell-free h-FIBER on day 0. The p-value of one-way repeated measures ANOVA over time
for the “Ctr” and “Diff” group is 0.1608 (n.s.) and 0.0015 (**), respectively. Data are shown as average ± s.d., n = 6. * p < 0.05, ** p < 0.01. Scale
bar in part B is 200 μm. The other scale bars are 100 μm.
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binding of antibodies onto the 3D cell layer might cause the
inhomogeneous signal distribution. Moreover, we acquired the
fluoresce image from different layers by using confocal
microscopy and then did z-stacking to get the fluorescence
image of the whole knot. Because the liquid and the hydrogel
would cause light scattering and affect the signal, the
fluorescence signals from different layers naturally vary. The
above problems made it difficult to compare the intensity of
the signal from the 3D cell layer. Thus, we did not use the
fluorescence intensity of the immunostaining images to make a
comparison for the following experiments.
Due to the perfusable bioreactor, the permeability test can

be used to test the cell barrier function. The development of
podocyte barrier function during differentiation (Diff) was
tracked by the permeability test and compared with the
nondifferentiated group (Ctr) (Figure 4I). The cell density of
the two groups on day 14 showed no significant difference

(Figure 4J). However, the transferred albumin decreased
significantly over time for the “Diff” group but not for the “Ctr”
group (Figure 4K), suggesting that podocyte differentiation
was important for the development of barrier function over
time.
To demonstrate the effect of microtopography, we

compared the arrangement of actin fibers, together with the
podocyte morphology, on the normal flat PDMS surface,
hydrogel tube, and the hydrogel knot with and without
microtopography (Figure 5A−J). In vivo, most of the
glomerular F-actin is concentrated in the foot processes,
which envelop the looping capillaries and interdigitate with
neighboring podocytes via slit diaphragms.45 Cytoskeletal
changes in podocytes are related to foot process effacement
and impaired glomerular filtration.46 More branched and
interdigitated actin fibers were found on the knot with
microconvex topography (Figure 5A−D). These interdigitated

Figure 5. The topographical microenvironment guides podocytes’ morphology and function. Merged images of F-actin and DAPI nuclear staining
(A−D) and SEM images showing the cell morphology (E−H) of podocytes, cultured on the flat PDMS (Flat), hydrogel tube (Tube), hydrogel
knot without microconvex topography (Knot (-topo)), and hydrogel knot with microconvex topography (Knot (+topo)), respectively.
Quantification of digitation ratio (I) and process length of podocytes (J). Digitation ratio is defined as the digitated length over the boundary
length. The process length (μm) is the average length of the measured processes. The quantification method is described in Figure S7. Data were
analyzed by one-way ANOVA. (K) The concentration of transferred albumin in the middle well for the hydrogel tube (Tube), hydrogel tube with
knot (Knot (-topo)), and hydrogel tube with knot and microconvex topography (Knot (+topo)) with cells being differentiated for 0, 6, 10, and 14
days was tested. The concentration was normalized to the concentration of transferred albumin measured for the cell-free scaffold on day 0. The
normalized concentrations of each group were analyzed by one-way repeated measures ANOVA over time. The normalized concentrations of the
three groups on Day 0, Day 6, Day 10, and Day 14 were analyzed by one-way ANOVA. Data are shown as average ± s.d., * p < 0.05, ** p < 0.01.
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actin fibers are most likely used by the podocytes to remain
positioned on the soft curved surface similar to the surface
provided by the looping capillaries. In vivo, podocytes are
exposed to tremendous physical forces, requiring concentrated
F-actin to provide mechanical support and efficient attach-
ment.47 Similar cytoskeletal structure is reported to be induced

by stretch,21,48 flow stimulation,49 and topographic stimula-
tion.27

The podocytes’ morphologies on the flat substrate, tube, and
knot with/without microtopographies were also analyzed by
SEM (Figure 5E−H). On the tube region, podocytes tended to
elongate and align along the long axis of the tube (Figure 5F).
Podocytes cultivated on the flat substrate (Figure 5E) and the
knot without microtopography (Figure 5G) were more spread
out compared to those on the tube but did not develop an
appreciable in vivo-like arborized morphology. On the hydrogel
knot with microtopography, podocytes exhibited more and
longer in vivo-like branched interdigitations (Figure 5H). To
confirm the morphology differences, we quantified the
digitation ratio and the average process length of podocytes
cultivated on the different substrates (Figure 5I,J) according to
the previously published method.27 The digitation ratio and
process length of podocytes on the knot with microtopography
are greater than that of podocytes on the knot without
microtopography and are significantly greater than that of
podocytes on the tube, suggesting that the microconvex
topography improves the digitation and extension of processes
in podocytes. Collectively, these data indicate that the knot
region with microtopography is essential for providing the in
vivo-like microenvironment for podocytes.
The development of podocyte barrier function during

differentiation on the tube (Tube), the knotted tube (Knot
(-topo)), and the knotted tube with microtopography (Knot
(+topo)) was tracked by the permeability test (Figure 5K).
One-way repeated measures ANOVA showed that the
transferred BSA decreased significantly over time for the
“Knot (-topo)” group and the “Knot (+topo)” group, but not
for the “Tube” group. Thus, the knot region is important for
the development of podocyte barrier function. On day 14, the
transfer of albumin from the lumen to the middle well for the
“Knot (-topo)” group was significantly higher than that for the
“Knot (+topo)” group, indicating that the microtopography is
important for maintaining the in vivo-like cell function. Thus,
the “concave and convex” geometries facilitated the formation
of podocytes’ actin fibers, arborized morphology, as well as the
establishment of higher barrier function.
To observe differences in transport properties as a result of

molecule type, Ficoll-70 (70 kDa, ∼49.5 Å) and Ficoll-40 (40
kDa, ∼40 Å) permeability across the podocyte barrier was
tested alongside both BSA and inulin (5.5 kDa). A planar
transwell insert with a layer of RGD-alginate was used as a
control. It was observed that cells on planar controls grew
poorly, with a tendency to detach from the surface or become
elongated in morphology (Figure 6A). We suspect that, in the
h-FIBER configuration, the factors of curvature, micro-
topography, and flow all contributed to allowing cells to
grow and develop with higher success rates than on planar 2D
alginate surfaces. Permeability tests also demonstrated that the
cells grown on planar alginate surfaces did not contribute
significantly to barrier function compared to cell-free controls,
and barrier function did not improve significantly with the
differentiation time, as transfer levels remained nearly
equivalent (1.0) when normalized to cell-free controls (Figure
6B). This is different from h-FIBER permeability results, where
differentiated cells reduced transfer of BSA to below 0.2
(Figure 5K). Moreover, inulin was nearly 4 times more
permeable across the h-FIBER with the podocyte layer than
BSA, whereas Ficoll 49.5 Å and Ficoll 40 Å were less
permeable than BSA, with Ficoll 40 Å having the most similar

Figure 6. The 3D topography of h-FIBER contributes to a
biomimetic size-discriminant barrier function. (A) Podocytes on
planar alginate. (B) Permeability on planar controls. Permeability
results for various FITC-labeled molecules across podocytes grown on
planar alginate membranes, normalized to cell-free controls. Midpoint
measurements were taken between days 6 and 9; endpoint
measurements were taken between days 13 and 16. n = 5 samples
with cells were normalized to the average of n = 4 cell-free samples.
Repeated measures 2-way ANOVA confirms no significant difference
over time between molecule transfer at midpoint and endpoint of
differentiation time. At the endpoint, inulin had significantly more
molecule transfer than Ficoll-40 (Ficoll 40 Å) and Ficoll-70 (Ficoll
49.5 Å), p < 0.05, but there was no significant difference between BSA
and inulin. (C) Concentration of FITC-labeled BSA, inulin, Ficoll 40
Å, and Ficoll 49.5 Å, that was transferred across h-FIBERs with fixed
podocytes or cell-free h-FIBERs, normalized to average BSA transfer,
respectively. ANOVA confirms molecular-weight-dependent barrier
function in configuration with fixed cells, whereas there was no
significant difference in cell-free h-FIBERs. * p < 0.05.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://dx.doi.org/10.1021/acscentsci.9b01097
ACS Cent. Sci. 2020, 6, 903−912

908

https://pubs.acs.org/doi/10.1021/acscentsci.9b01097?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01097?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01097?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01097?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.9b01097?ref=pdf


(∼70%) permeability values to BSA (Figure 6C). While the
fixed podocyte h-FIBERs had a size-discriminating effect on

the concentration of transferred molecules, the cell-free h-
FIBERs did not significantly or preferentially influence the

Figure 7. Endothelialization and the formation of the glomerular filtration barrier. (A) Illustration of cell seeding in the lumen of h-FIBER. (B−D)
Confocal microscopy images showing ZO-1 (red) and DAPI (blue) staining of EC barrier formed in the lumen. Part B shows the bottom plane
with inset showing the enlarged view. Part C shows the middle plane. Part D shows the 3D view of the EC barrier. (E) Front view of the glomerular
structure stained for F-actin. (F) Longitudinal cross-sectional view of the glomerular structure formed on the h-FIBER with EC layer in the lumen
and podocyte layer on the external surface both stained for F-actin. (G) Normalized concentration of transferred BSA through the h-FIBERs
without cells (w/o) (tested on day 0), with EC barrier (EC) (tested on day 8 after EC seeding), with podocyte barrier (pod) (tested on day 14
after podocyte differentiation), and with both EC and podocyte barrier (co) (tested on day 8 after EC seeding). (H) Comparison of the
permeability of the h-FIBER and glomerulus. Though the radius of BSA is around 36 Å, the fractional clearance of albumin was reported to be
similar to the fractional clearances of Ficoll with Stokes−Einstein radius of 54 Å.60 Thus, the permeability of Ficoll of similar sizes (38, 48, and 62
Å) from the intact glomerulus and acellular GBM tested in vitro were chosen as comparisons.61 Data were analyzed by one-way ANOVA and are
shown as average ± s.d., **** p < 0.0001. The scale bar in the inset of part B is 20 μm. The other scale bars are 100 μm.
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transport properties of the molecules (Figure 6C). Overall,
these data confirm the contribution of 3D cell barrier function
to size discrimination.
Doxorubicin, widely used in antitumor therapy, is known to

cause podocyte injury and induce proteinuria.50,51 To model
the intravenous injection of doxorubicin, we added culture
medium with 1 μg mL−1 doxorubicin into the inlet and outlet.
BSA transferring through the drug-treated podocyte barrier
increased in comparison to the control group (Figure S8),
however, with milder cell barrier injury than previously
reported.16,21 The slope of permeability changes over time
shows a significant difference between the drug-treated group
and control group (Figure S8B), suggesting that the changes
might be more significant if the drug exposure time is
extended. These results demonstrated the potential application
of the 3D glomerulus model in building a nephropathy model
in vitro. This milder cell barrier injury might be because the
drug in our model was perfused in the lumen, and thus, the
podocytes on the outer surface of the h-FIBER scaffold were
not directly exposed to the drug in high concentration.
Another possible reason is that greater maturation in 3D
tissues makes it more difficult for a drug to saturate a tissue and
fulfill its targeted effect and thus contributes to greater
robustness and resistance to drugs, which was also demon-
strated in other 3D models previously.52 The value of organ-
on-a-chip systems is in reducing both false positives and false
negatives in preclinical drug discovery and testing of new
chemical entities. With a view of eliminating false positives, this
feature may be desirable. We will explore the application of the
platform in drug screening with more experiments in the
future. Overall, with the current system and results, we can
define specific advantages of our platform in drug testing. For
example, our platform allows robust permeability tests by facile
fluid sampling from the open-access wells, which will be
suitable for regular workflow in the pharmaceutical industry.
At the blood vessel side in vivo, there is a layer of ECs in the

capillary lumen, which is an important component of the
functional filtration barrier.23 The perfusable lumen in the h-
FIBER is ideal for mimicking vascular lumen. Since the h-
FIBER has been robustly assembled in the 96-well bioreactor,
the seeding of ECs in the microscale hydrogel lumen was easily
realized using the standard pipetting technique (Figure 7A). As
the ECs proliferated and spread, a confluent EC layer covering
the luminal surface was formed as confirmed with staining for
ZO-1 (Figure 7B−D), a tight junction protein, as well as VE-
Cadherin, an endothelial cell-specific protein (Figure S9).
Compared to the cell-free h-FIBER, the permeability of the h-
FIBER with ECs reduced significantly (Figure 7G), which
further demonstrated the formation of a functional vascular
barrier.
By culturing podocytes on the external surface and ECs on

the lumen surface, a 3D glomerular filtration barrier was
formed on the h-FIBER. The established glomerulus-like
structure was demonstrated by F-actin staining (Figure 7E,F),
demonstrating two cell layers in a precise geometrical
arrangement. The permeability of the h-FIBER with both
podocyte and EC layers was reduced significantly when
compared to the h-FIBER with the EC layer only but did
not show a significant difference when compared to the h-
FIBER with the podocyte layer alone (Figure 6G). This result
suggests that, in our glomerulus model, the podocyte layer
contributed more to the barrier function, which is consistent
with in vivo data showing that podocyte injury is a pivotal event

resulting in proteinuria.53 Moreover, the permeability of the h-
FIBER was estimated according to the method and the
mathematical model described in the experimental section.
The results are shown in Figure 7H, suggesting that the h-
FIBER is slightly less permeable than acellular glomerulus
basement membrane (GBM), and the cellularized h-FIBER is
also slightly less permeable than the intact glomerulus. Though
the physical separation of the two cell types in our model is
much greater than in vivo (0.3 μm), and the cells were from
nonhuman cell sources, limiting utility of this work in
modeling a human system with proper cell−cell crosstalk,
these results demonstrate the potential and the feasibility of
this platform. In future work, we plan to use human cells (e.g.,
podocytes from human induced pluripotent stem cells21) and
try to minimize the thickness of the alginate layer to further
develop a more physiological model.
The generation of shape-controlled hydrogel scaffolds using

microfluidics has drawn considerable attention for its ability to
mimic different tissue constructs.54 Through precise control of
fluids in the microdevices, various hollow microfibers with
straight,55 folded,56 helical,57 and multiple channels58 have
been mass-produced to mimic complex vascular microenviron-
ments. However, achieving a perfusable vascular barrier within
these microscaffolds was still a challenge. This limitation was
rooted in the lack of a suitable bioreactor to provide reliable
perfusion and the difficulty in seeding and culturing cells inside
the fragile microscale hydrogel scaffolds. Here, we described a
96-well plate platform based on the h-FIBER that overcame
these limitations and provided a functional glomerulus-on-a-
plate.

3. CONCLUSIONS
In summary, a novel perfusable 3D engineered glomerulus
based on a microfluidic extruded topographic hydrogel scaffold
has been demonstrated here. The h-FIBERs were produced by
microfluidic spinning technology with a chemically induced
inflation method, developed to fabricate microconvex top-
ographies on the 3D hydrogel surface for mimicking
microcurved features of the looping capillaries. The assembly
of the h-FIBERs into a 96-well plate allowed perfusion, cell
maintenance, and a permeability test to be realized using a
standard pipetting technique. Endothelial cells were seeded in
the perfusable lumen to generate the vascular barrier. The
podocyte layer with better barrier function was formed on
capillary loop-like structures. The permeability of albumin
from the vascular channel to the ultrafiltrate side was tested,
demonstrating the successful fabrication of a 3D glomerulus
filtration barrier. The combination of the newly developed h-
FIBERs using microfluidics and coculture in a 96-well plate
setting to control cell arrangement demonstrates a new
approach to assemble a biomimetic glomerulus in 3D.
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