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a b s t r a c t
The unique structure of kidney tubules is representative of their specialized function. Because maintaining tubular structure and controlled diameter is critical for kidney function, it is critical to understand
how topographical cues, such as curvature, might alter cell morphology and biological characteristics.
Here, we examined the effect of substrate curvature on the shape and phenotype of two kinds of renal
epithelial cells (MDCK and HK-2) cultured on a microchannel with a broad range of principal curvature.
We found that cellular architecture on curved substrates was closely related to the cell type-specific characteristics (stiffness, cell–cell adherence) of the cells and their density, as well as the sign and degree of
curvature. As the curvature increased on convex channels, HK-2 cells, having lower cell stiffness and
monolayer integrity than those of MDCK cells, aligned their in-plane axis perpendicular to the channel
but did not significantly change in morphology. By contrast, MDCK cells showed minimal change in both
morphology and alignment. However, on concave channels, both cell types were elongated and showed
longitudinal directionality, although the changes in MDCK cells were more conservative. Moreover, substrate curvature contributed to cell polarization by enhancing the expression of apical and basolateral cell
markers with height increase of the cells. Our study suggests curvature to be an important guiding principle for advanced tissue model developments, and that curved and geometrically ambiguous substrates
can modulate the cellular morphology and phenotype.
Statement of Significance
In many tissues, such as renal tubules or intestinal villi, epithelial layers exist in naturally curved forms, a
geometry that is not reproduced by flat cultures. Because maintaining tubular structure is critical for kidney function, it is important to understand how topographical cues, such as curvature, might alter cell
morphology and biological characteristics. We found that cellular architecture on curved substrates
was closely related to cell type and density, as well as the sign and degree of the curvature. Moreover,
substrate curvature contributed to cell polarization by enhancing the expression of apical and basolateral
cell markers with height increase. Our results suggested that substrate curvature might contribute to cellular architecture and enhance the polarization of kidney tubule cells.
Ó 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
In the past two decades, the importance of physical microenvironments to living cells has been highlighted by the discovery of
⇑ Corresponding author at: Department of Biomedical Engineering, School of Life
Sciences, Ulsan National Institute of Science and Technology (UNIST), Ulsan 44919,
Republic of Korea.
E-mail address: ykcho@unist.ac.kr (Y.-K. Cho).

their crucial role in cell differentiation, survival, and growth. Various physical parameters in the cellular microenvironment, including substrate stiffness [1,2], surface topography [3], geometry [4,5],
and confinement [6–8], influence cell migration [9], proliferation
[10], tumorigenicity [4], and cell differentiation [2,11]. However,
the effect of surface curvature on cell structure and function is less
well understood.
In many tissues, such as renal tubules or intestinal villi, epithelial layers exist in naturally curved forms, a geometry that is not
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reproduced by flat cultures. How cells sense and respond to substrate topography, exhibiting out-of-plane (three-dimensional;
3D) curvatures at the multicellular scales, larger than the dimensions of single cells, might play a critical role for determining the
morphology of cells, their collective behavior, and their organspecific biological functions.
Recent studies of cancer-cell behavior on planar substrates
exhibiting various kinds of interfacial geometry have suggested
that perimeter curvature from two-dimensional (2D) geometry
can activate cancer stem cells (CSCs) by modulating interfacial
energy and intercellular adhesion, suggesting that interfacial
geometry is an important factor in tumorigenicity [4]. However,
this corresponds to an in-plane curvature and line-tension effect
imposed by geometric confinement and does not reflect the 3D
architecture of tissues.
Researchers also studied 3D curvature effects on the endothelial
cell morphology. For example, human brain microvascular endothelial cells (HBMECs) cultured on glass rods showed a much smaller
influence of curvature and shear stress on cell morphology than that

observed in normal endothelial cells, specifically human umbilical
vein endothelial cells (HUVECs) [12]. Considering the unique biological functions of HBMECs in the blood–brain barrier (BBB), minor
elongation in response to curvature and shear stress could be understood as an evolutionary advantage of minimizing the length of tight
junctions per unit length of capillary and therefore, the paracellular
transport into the brain. However, the rod geometry offers only
outer surfaces of cylindrical templates, and inverted polarity formation does not reflect physiological situations.
In addition to the reshaping of cell morphology, 3D curvature
can influence the dynamics associated with the collective
migration of epithelial cells on cylindrical wires, while extreme
curvature with submicron-radius wire leads to the formation of
hollow cysts [13]. Recently, it was reported that osteogenic differentiation of mesenchymal stem cells was induced on a convexspherical substrate, with cell migration also expedited on
concave-spherical structures [14].
Taken together, previous studies have shown increasing
evidence supporting the hypothesis that cell morphology and

Fig. 1. Curvature effect on renal epithelial cell morphology. (A) Graphical illustration of renal tubules in the human nephron. (B) Schematic diagram of fabricated curved
substrates and subsequent cell alignments. The values of principal curvature, j = 1/radius (r), were obtained by experimental measurements of chord lengths (2a) and
channel heights (h). (C) Representative fluorescence images of phalloidin-stained F-actin (green for MDCK, red for HK-2) and cell nuclei (blue) on convex and concave
channels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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biological marker expression are influenced by 3D curvature. However, a multiparametric study investigating the 3D curvature
effects is lacking, despite its potential relevance to tissue engineering and biomaterial design. Here, inspired by the highly regular
and well-controlled diameters of the tubular structure of renal
epithelial cells, we studied two types of commercially available
renal tubule cells. Human proximal tubular cells and canine distal
tubule cells (HK-2 and MDCK, respectively) were selected to examine the cell type-specific effects of 3D curvature on cell shape and
phenotype. Although the origins of the two cell lines are not identical, both these renal tubule cell lines have been used in invaluable
systems for the in vitro analyses of various tubule segment-specific
physiological and biochemical functions [15,16].
As illustrated in Fig. 1A, the nephron comprises the proximal
convoluted tubule (PCT) connecting the Bowman’s capsule and
the loop of Henle, as well as the distal convoluted tubule (DCT)
located downstream of the loop of Henle and before the collecting
duct. To provide some insights into physiological curvature, the
size of human PCTs, including cell wall thickness, is larger (radius:
40 mm; j = 0.025 lm1) than that of DCTs (radius: 25–35 mm; j
= 0.040  0.029 lm1) [17]. Most reabsorption (65–80%) occurs
in the PCT, and nutrients such as amino acids and glucose move
across PCT membranes and not any other portion of the nephron.
In addition, DCT cells contain a more robust cell–cell adherence
network than that of PCT cells, supporting a physiological advantage for minimal permeability [18]. For example, MDCK cells, characterized by well-developed barrier functions and strong
expression of junctional proteins, show high trans-epithelial electrical resistance (TEER; 170–200 Xcm2 [19,20]). However, HK-2
cells exhibit leaky barrier functions, with low TEER (3 ± 2 Xcm2
[21]). Furthermore, the elasticity, estimated from the corresponding Young’s modulus (Emodulus), is much higher for MDCK cells
(5–7 kPa) [22–24] than for HK-2 cells (320 Pa) [25]. The increased
stiffness and stronger intercellular adherence may support the
reduced permeability observed in DCTs and their selective reabsorption functions.
In this study, we examined the effect of substrate curvature on
the shape and phenotype of two kinds of renal epithelial cells cultured on microchannels with a broad range of principal curvature(|
j|  0.023 lm1). We found that cell morphology and alignment
were controlled by several factors, including the sign (convex or
concave) and the degree of 3D surface curvature, the mechanical
stiffness of individual cells, and cell density. Furthermore, we
demonstrated that renal epithelial cells showed improved apicalbasal polarization effects on the substrate with substrate
curvature.

2. Materials and methods
2.1. Fabrication of curved polydimethylsiloxane substrates
To fabricate curved channels, polydimethylsiloxane (PDMS)
rectangular channels were prepared by soft lithography. We fabricated convex and concave channels by utilizing the surface tension
of the PDMS prepolymer (10:1 ratio of Sylgard 184 silicone elastomer base and curing agent; Dow Corning, Midland, MI, USA)
inside the surface of PDMS rectangular channels having a height
of 150 lm. A convex-channel replica was formed from a PDMS
master having concave channels following a silanization step
(Fig. S1). To control the principal curvature values, we tuned the
widths of the rectangular channels to 1000 lm, 500 lm, 200 lm,
and 90 lm. The convex and concave channels exhibiting principal
curvature values of |j| = 1.0, 3.0, 9.0, and 23.0  103 lm1 were
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prepared, and the real curvature values were experimentally measured (Figs. S2 and S3).
2.2. Cell culture and growth
HK-2 cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. MDCK cells (MDCK
NBL2; ATCC, Manassas, Virginia, USA) were cultured in lowglucose DMEM with the same ratio of FBS and penicillinstreptomycin. All cells were incubated in a humidified 5% CO2 incubator. Regardless of cell type, those with passage numbers <15
were used for this study. To visualize curvature effects, harvested
cells were seeded on PDMS blocks (1 cm  2 cm) at a seeding density of 6.25  104 cm2.
2.3. Cellular architecture analysis
To analyze cell morphology, 2D image projection was done by
using 3D image analysis software, IMARIS (Bitplane, Zürich,
Switzerland). For quantitative analysis, cell elongation (inverse
aspect ratio; IAR) and cell alignment from projected confocal
images are measured by using ImageJ software (NIH, USA). Individual cell boundaries were manually determined, and the lengths of
0
the major axis (a0 ), minor axis (b ), and angle of cell body (h0 ), as
well as cell area, were automatically calculated by the fitted ellipse
function in ImageJ software. To minimize image distortion, we took
every image of the curved surface where the angle met below 45°
between the center of the cell and the center of the curved surface
(Fig. S4). After that, we calibrated the IAR and h with the first order
approximation.

h ¼ tan1
0

b b
¼
a a0



tanh0
;
cosa

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
cos2 h þ sin h cos2 a
;
2
2
2
cos h cos a þ sin h

where a; b; h represent the convoluted original configuration of the
cells on the curved surfaces. The angle a denotes the angle between
the center position of cell and the center of the curved surface with
respect to the center of radius of the curved surface (see Fig. S4).
To check if a collective alignment exists, we also calculated the
weighted order parameter (jSj).

S¼

1

N
X

Nqm

k

qk ei2Dh ¼ jSjei2hs

where qm is the mean of q ¼ ba  1; and Dh is the angle between the
main orientation of the cells on the surface and the individual vector of the cell orientation. jSj is zero for perfectly isotropic distribution and 1 for completely aligned systems. To obtain cell density
information, the number of nuclei was acquired by the nucleus
detection function in IMARIS.
2.4. Fabrication of sinusoidal structures using the PDMS chip
The fabricated sinusoidal surface exhibited a curvilinear structure, having both convex and concave curvature in one plane,
thereby allowing the observation of cell-morphological changes
on both convex and concave substrates simultaneously. First, a
3D sinusoidal structure was designed using Solid Work software
(Dassault Systèmes, Vélizy-Villacoublay, France) and converted
into STL file format. 3D information was transferred to a 3D printer
(Visijet; 3D Systems, Rock Hill, SC, USA). The printed structures
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were gently removed from the stage and incubated at 70 °C for 30
min to melt the wax. For residual wax removal, we placed 3Dprinted masters in an oil-filled sonication chamber and processed
sonication steps for 30 min at 70 °C, followed by washing the master several times with detergent and water. This was followed by a
100% ethanol wash step to clean the surface of the master, followed by incubation at 120 °C for drying for 6 h to remove unreactive additives. We covered the surface with vaporized trimethoxy
(octadecyl)silane (376213; Sigma-Aldrich, St. Louis, MO, USA) during an overnight incubation. Silane-coated masters were used to
produce patterns on PDMS, and the fabricated PDMS sinusoidal
structure was cleaned by exposure to ultraviolet light for 40 min,

at identical dimensions (160 lm  160 lm) were normalized to
the results derived from expression in cells cultured on flat areas.
To avoid possible artefacts due to contrast attenuation arising from
height differences associated with the cylinder apex to the plateau
region [26], we selected specific ranges having chord lengths (2a)
< 60 mm and where the fluorescent signal was unperturbed. Then,
uniform intensity was confirmed using images obtained from the
curved surfaces and modified with BSA-FITC.

followed by coating with 10 lg∙mL1 fibronectin solution.

The PDMS surface was sterilized and then treated with oxygen
plasma (1.5 min, 50 W) followed by silanization by immediately
covering with 5% (v/v) (3-aminopropyl)-trimethoxysilane
(281778; Sigma-Aldrich) in 100% ethanol at room temperature
for 5 min. After the surfaces were washed with 100% ethanol and
deionized water, they were functionalized with 0.5% glutaraldehyde in PBS for 30 min. The surfaces were rinsed with a stream
of deionized water and dried for 2 h at 60 °C. Finally, 100 mgmL1
collagen IV (C5533; Sigma-Aldrich) solution was added and incubated at 37 °C for 30 min. Next, the surfaces were rinsed extensively with PBS solution and immediately used for cell culture [27].

2.5. F-actin fiber-alignment analysis
Quantitative analysis of F-actin fiber orientation was performed
using confocal fluorescence images and a custom-built MATLAB
program. We removed the nucleus information from the images
to visualize clear F-actin directionality. First, we cropped images
of the rods with different diameters to obtain uniform pixel resolution of 0.78 lm. Second, we used a 2D Gaussian filter to select the
images on top of the highest curvature surfaces, and then, 2D FFT
processing was done to decompose the images into their spatial
components in frequency domain. To measure the angular distribution of spatial components, we acquired angular distribution
data according to the Radon transformation. We then quantitatively plotted the angular distribution (0–180°), which can be
interpreted as the overall directionality of the F-actin bundles.
For apical-basal F-actin analysis, we acquired the superresolution images (LSM 780 Airyscan; Zeiss, Jena, Germany) by sectioning MDCK and HK-2 cells with 0.25 mm intervals. We selected
two images from each cell from the top and bottom section and
subsequently analyzed filament directionality with custom
MATLAB code.
2.6. Fluorescent staining of cells
PDMS blocks were picked from the culture wells and washed
three times with phosphate-buffered saline (PBS). Samples were
incubated in 3.7% paraformaldehyde for 15 min to fix the cells, followed by three gentle washes with PBS. Fixed cells were permeabilized with 1% Triton-X in PBS and washed two to three times with
PBS to remove remaining reagents. A blocking step was also performed with 5% bovine serum albumin (BSA) in PBS solution for
30 mins. To visualize F-actin in the cells, phalloidin-fluorescein
isothiocyanate (FITC; P5282; Sigma-Aldrich) and phalloidin-tetra
methylrhodamine (TRITC; P1951; Sigma-Aldrich) dye were applied
for a 40 min incubation, followed by washing with PBS. To distinguish cell populations, cell nuclei were stained with 40 ,6-diami
dino-2-phenylindole (DAPI). For immunocytochemistry experiments, an anti-zona occludens-1 (ZO-1)-Alexa594-conjugated
antibody (339194; Life Technologies, Carlsbad, CA, USA) and antiNaK-ATPase a1-Alexa488-conjugated antibody (ab197496;
Abcam, Cambridge, UK) were used.

2.8. Collagen IV coating on PDMS surface

2.9. Fabrication of curved polyacrylamide gel substrate
Polyacrylamide (PAA) gel substrate having convex and concave
channels were produced from SU-8 master molds. The molds were
PDMS molds covered with SU-8 2015 photoresist (MicroChem Corp,
Massachusetts, USA) solution. Samples were immediately covered
with aluminum foil sheets to protect from light. The degassing step
was performed by placing the samples in a vacuum chamber for 6–
8 h. After we confirmed the success of degassing, samples were
exposed to UV light for 10 min. SU-8 molds were gently removed
from the PDMS master mold and rinsed with 100% ethanol solution
first and deionized water later. Pre-treatment of glass was done by
activating the surface with (3-aminopropyl)triethoxysilane for 3
min and 0.5% glutaraldehyde for 30 min (G7651; Sigma-Aldrich).
PAA gel with desired stiffness (40 kPa) was fabricated on an activated glass coverslip (25 mm) by mixing 8% acrylamide (A9099;
Sigma-Aldrich) and 0.48% Bis-acrylamide (146072; Sigma-Aldrich)
solution [28]. Ammonium persulfate (0.1%, A3678; Sigma-Aldrich)
and tetramethylethylenediamine (0.1%, TEMED; T9281; SigmaAldrich) were added to the gel solution. Fifty microliters of gel solution was loaded on SU-8 molds. The surface was quickly covered,
and several hours were allowed for complete polymerization to take
place. The gel-coated coverslips were detached and gently washed
with deionized water and fully covered with 0.2 mgmL1
sulfosuccinimidyl-6-(40 -azido-20 -nitrophenylamideno)-hexanoate
(sulfo-SANPAH; 22589; Sigma-Aldrich), and UV light exposure was
performed for 10 min. To eliminate excess sulfo-SANPAH, gels were
submerged in distilled water for 15 min. Then, the gels were covered with 10 mgmL1 fibronectin solution and incubated for 8 h in
37 °C. After washing with distilled water, fibronectin-coated gels
on cover slips were immediately used for cell culture.

2.7. Quantification of ZO-1 and NaK-ATPase a1 expression
2.10. Statistical considerations
To quantify marker expression levels, we labeled ZO-1 and NaKATPase a1 and acquired confocal microscope images for each sample under identical laser power and detector settings during the
imaging. The 3D images were analyzed using IMARIS software (Bitplane). ZO-1 and NaK-ATPase a1 expression was analyzed using
identical parameters for each 3D confocal image. Measurements
of the volumetric expression levels of ZO-1 and NaK-ATPase a1

Data are plotted with mean values ± standard error of mean
(SEM) in Figs. 2–5. In Fig. 3, data are plotted with mean values ±
standard deviation (SD). Statistical analysis was performed using
Student’s t-test, and p-values <0.05 were considered statistically
significant; p < 0.05, and 0.001 are represented as *, **, and ***,
respectively, and NS indicates non-significant.
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Fig. 2. Morphology of cells depending on the sign and degree of substrate curvature and cell stiffness. (A) Cell deformation (IAR), (B) orientation angle (h), and 2D order
parameter (|s|) of cell body orientation in MDCK and HK-2 cells on the PDMS surface according to the degree (j value) and sign (convex or concave) of the curvature. Ncell for
IAR and alignment analysis = 416 for MDCK and 361 for HK-2. Ncell for order parameter analysis = 997 for MDCK and 976 for HK-2 cells. (C) The angle of MDCK cells on the
convex substrate shifted toward the transverse direction, while cell elongation change was negligible upon incubation with 10 lM Y27632. F-actin (green) and cell nuclei
(blue) were stained with phalloidin-FITC and DAPI, respectively. Ncell for analysis = 269 for convex and 262 for flat surfaces. Student’s t-test was performed between the flat
and curved surface conditions. ***, p < 0.001; **, p < 0.01; NS, non-significant. The error bar indicates the standard error of the mean (SEM). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results
To avoid in-plane confinement effects that might trigger additional unintended behavior, such as cell elongation and collective
migration [6], epithelial–mesenchymal transition [29], and peripheral rim formation [7], we observed cells far from culture boundaries. Cell-culture substrates were prepared with regularly
arrayed multiple straight channels with convex or concave curvature but otherwise having the same characteristics as flat surfaces
capable of cell growth (Fig. 1B). Both convex and concave channels
had four radii of curvature (r), ranging from 44 lm (principal curvature::|j| = 0.023 ± 0.001 lm1), which is similar to the size of
in vivo human proximal tubules, to 908 lm (|j| = 0.001 lm1),
and were fabricated using PDMS replicas through serial molding
steps (Figs. S1–S3). In addition, sufficient initial seeding density
and cell-growth time were provided to allow cells to sufficiently
interact with the convex or concave surface topography. Morphological changes and apical- or basal-marker expression were analyzed after 48 h and 72 h of culture, respectively.

3.1. Substrate curvature–dependent cellular architecture
When the epithelial cell monolayers reached full confluence
after 48 h culture, we first investigated the effects of the sign and
degree of surface curvature on cellular architecture. Fluorescence
images of the cells on surfaces with various curvatures after staining the nuclei (blue) and F-actin (green for MDCK; red for HK-2) are
shown in Figs. S2–S3. F-actin structures tend to align perpendicular

(resp. parallel) to the channel axis on convex (resp. concave) substrates. This effect was observed for the highest curvature (r = 44
lm, |j| = 0.023 lm1) and was more pronounced with HK-2 cells
(Fig. 1C).
To perform quantitative analysis, we calculated the original
configuration of the cells on the curved surfaces: IAR (length of
the short axis/length of the long axis) and the orientation angle
(h) of the long axis of the cell with respect to the rod axis of the
channel, from the morphology of the cells on the projected confocal images using the weight factors to correct the effect of the substrate curvature (See details in SI method and Fig. S4). In addition,
only the cells on top of the surface where the angle between the
center of the cell and the center of the curvature did not exceed
45° were used to minimize the image distortion effect. The distribution (Fig. S5) and the average (Fig. 2A, B) of the IAR and the orientation angle of the cells on the most concave and convex surfaces
were compared with that on the flat surface.
The overall morphological data (Figs. S2–S3) are shown as a
function of the sign and the degree of curvature and the cell type.
With the most concave curvature substrate, a dramatic drop in the
IAR value was observed for HK-2 cells (from 0.58 ± 0.18 at j = 0 to
0.46 ± 0.16 at j = 0.023 lm1. In contrast to the concave surface,
the change in IAR for the HK-2 cells on a convex surface was minimal. Similar results were obtained for MDCK cells, but the difference was moderate; the average IAR values on flat, most concave,
and most convex surfaces were 0.59 ± 0.14, 0.52 ± 0.16, and 0.57
± 0.16, respectively.
Interestingly, the cell type–dependent curvature effect was
more distinctive in the orientation angle of the cells (Fig. 2B).
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Fig. 3. F-actin alignment of MDCK and HK-2 cells on curved surfaces. Quantitative analysis of F-actin alignment was performed by Radon transformation from confocal
fluorescence images. From left to right, original (gray colored image) and processed images are presented to show the results of each image-processing step. Graphs (right)
indicate the angular distribution of F-actin. The rod axis of the channel is at 0° and 180°, whereas 90° indicates the transverse direction. Nimage for MDCK: 51, Nimage for HK-2:
41. The error bar indicates the standard deviation.

HK-2 cells cultured on curved-channel substrates showed preferred alignments of their long axis depending on the sign and
degree of the curvature [i.e., longitudinal (parallel to the rod axis,
0°) and transverse alignments (90°) on concave and convex surfaces, respectively] (Fig. S5). Specifically, the average orientation
angles of the HK-2 cells on flat (j = 0), most concave, and most
convex surfaces were 43° ± 26°, 18° ± 13°, and 54° ± 25°, respectively. By contrast, MDCK cells showed relatively small changes
in cellular orientation on surfaces exhibiting either convex or concave curvature, with the average orientation angles of MDCK cells
on flat, most concave, and convex surfaces returning values of 45°
± 27°, 29° ± 19°, and 40° ± 24°, respectively. On convex surfaces
with higher curvature (r = 30 mm), more preferred transverse alignment of MDCK cells was observed (data not shown).

In this study, the PDMS substrate was stiff (Emodulus: 2.6 MPa)
[30] and coated with the ECM protein fibronectin to promote cell
adhesion. To check the substrate stiffness effect, PAA gel was substituted for soft PDMS, which can possibly reach to physiological
stiffness range of in-vivo kidney tissue (4 kPa, [31]). One can fabricate soft PDMS substrates by tuning the ratio of PDMS elastomer
and curing agent [30,32]. However, the elastic modulus remains
relatively high, e.g. Emodulus: 0.56 MPa even when the elastomer
base to the curing agent ratio of 33:1 is used. Furthermore, it is
challenging to prepare fine curved structure because of the insufficient or heterogeneous crosslinking and tacky characteristics [30].
Therefore, we prepared soft substrates using PAA gel (Emodulus: 40
kPa) and compared the morphological characteristics of epithelial
cells on convex (j = 0.023) and concave (j = 0.023) curvature

Please cite this article in press as: S.-M. Yu et al., Substrate curvature affects the shape, orientation, and polarization of renal epithelial cells, Acta Biomater.
(2018), https://doi.org/10.1016/j.actbio.2018.07.019

S.-M. Yu et al. / Acta Biomaterialia xxx (2018) xxx–xxx

7

Fig. 4. Cell density effect on cell morphology and orientation. Experimental morphology data of HK-2 and MDCK cells on the most convex (r = 44 lm, j = 0.023 lm1) and
concave (r = 44 lm, j = 0.023 lm1) surface at low (non-confluent; <450 cells/mm2) and high (confluent; >1500 cells/mm2) cell density. Ncell for analysis = 302 for MDCK and
299 for HK-2 cells. Student’s t-test was performed between the low and high cell density condition. ***, p < 0.001; NS, non-significant. The error bar indicates the SEM.

with that of the flat surface (Fig. S6). Interestingly, the alignments
of MDCK and HK-2 cells on a soft curved surface showed similar
tendency with that of a stiff curved surface (Fig. 2A, B). However,
HK-2 cells showed less elongated cell morphology on convex curvature surfaces, and MDCK cells did not show significant elongation depending upon the type of curvature. In addition, we tested
collagen IV, which is a major component of basement membranes;
however, there was no significant difference compared to the
results with fibronectin coating (Fig. S7).
In addition, we calculated the orientation order parameter (jSj),
which ranges from a value of 0 for completely random and isotropic distribution of an infinitely large collection of objects to 1 for
perfectly aligned systems. The orientation order parameter of both
HK-2 and MDCK cells cultured on the curved surfaces was higher
than that of the cells on flat surfaces (Fig. 2B).
Furthermore, we found parallel (resp. transverse) F-actin alignment of HK-2 cells on concave (resp. convex) surfaces, with the
same orientation pattern at the cell body orientation data
(Fig. 3). Meanwhile, the F-actin alignment of MDCK cells was in a
parallel direction for both concave and convex surfaces (Fig. 3).
We also analyzed the apical-basal F-actin alignments in each cell
and confirmed that both apical and basal F-actin follow the overall
stress fiber directionality (Fig. S8). For example, HK-2 cells have
more evident bundle formation; therefore, directionality is more
visible depending on convex (j = 0.023 lm1) and concave (j =
0.023 lm1) curvature, whereas MDCK cells have clear apical Factin rings and relatively weaker basal ring and bundle formation
on both convex and concave curvature.

3.2. Cell type-dependent morphology of epithelial cells on curved
surfaces
As shown in Figs. 2A, B, and S3, we found that HK-2 cells cultured
on concave channels showed significant deformation and longitudinal orientation parallel to the rod axis of the channel. However, they
showed no significant deformation and presented transverse directionality in the presence of convex curvature. By contrast, no significant change was observed for MDCK cells on convex surfaces, while
overall MDCK cell behavior, such as elongation and orientation
changes, was similar to that of HK-2 cells on a concave substrate.
These overall characteristic behaviors of HK-2 and MDCK cells
were reproduced on sinusoidal PDMS structures that exhibited
repetitive convex and concave structures with 200 lm intervals
(Fig. S9A). As shown in Figs. 1C and S2–3, we observed similar behavior between HK-2 and MDCK cells cultured on channels exhibiting
the highest degrees of curvature. MDCK cells (Fig. S9B) mostly maintained their native morphology regardless of the sign of substrate
curvature, whereas HK-2 cells (Fig. S9C) on concave substrates
showed an elongated cellular architecture, with the alignment angle
shifted to be parallel to the channel axis, which differed from the
transverse directionality displayed on the convex substrate.
Although both HK-2 and MDCK cells originate from to the
epithelium and constitute renal tubule segments, their behavior
on convex and concave substrates was dissimilar, which was possibly due to differences in a few physical features between the two
cell types. We speculated that the relatively conservative behavior
of MDCK cells was related to their intrinsic cell contractility and
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Fig. 5. ZO-1 and NaK-ATPase a1 expression in cells cultured on curved surfaces. (A) Confocal fluorescence images showing ZO-1 (red) and NaK-ATPase a1 (green) expression
on MDCK and HK-2 cells on the highest curvature surfaces, having 44 lm as the channel radius (convex: j = 0.023 lm1, concave: j = 0.023 lm1), and flat surface. Cell
nuclei were stained with DAPI (blue). (B) The expression levels of each marker on the convex and concave surfaces were normalized against data obtained from flat surfaces
(n = 3). The error bar indicates the SEM. (C) YZ and XZ axis orthogonal images of MDCK cells on the highest curvature surfaces, showing ZO-1 (red) and NaK-ATPase a1 (green)
localization at the apical-junction and the basolateral layer of the cells, respectively. Schematics on the left side indicate the YZ and XZ planes of each substrate. The right-side
graph indicates the height of MDCK cells cultured on curved and flat surfaces. Number of points for MDCK cell height measurement = 487, 371, and 396 for convex, flat, and
concave surfaces respectively. Cell nuclei were stained with DAPI (blue). Student’s t-test was performed between the flat and curved surface condition. *, p < 0.05; **, p < 0.01;
***p < 0.001; NS, non-significant. The error bar indicates the SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

cell–cell-adhesion networks. For example, MDCK cells, characterized by well-developed barrier functions and strong expression
of junctional proteins, show high TEER, while HK-2 cells exhibit
leaky barrier functions, with low TEER. Moreover, the elasticity is
much higher for MDCK cells than for HK-2 cells. To test our
hypothesis that cell stiffness plays a critical role in determining
optimal cell morphology on curved surfaces, we treated MDCK
cells with 10 lM Rho kinase inhibitor (Y27632), which reduced cell
contractility (Fig. 2C) [33,34]. After confirming that the treatment
did not critically alter cell morphology on a flat surface, MDCK cells
cultured on a substrate with convex curvature (r = 44 lm, k =
23.0  103 lm1) were incubated in culture medium supple-

mented with 10 lM Y27632. Interestingly, attenuated cell stiffness
allowed the MDCK cells to more closely orient in the transverse
direction, 15° more relative to controls, but did not alter cell elongation. Taken together, the result suggests that myosin-mediated
cell contractility is an important physical factor determining cell
morphology on curved substrates.
3.3. Cell density-dependent cell morphology on curved substrates
Next, we further investigated the cell density effect on cell
architecture when the cells were cultured on curved surfaces
(Fig. S10). After 48 h of cultivation, cell density data from MDCK
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or HK-2 cell culture on the curved surface showed a relatively
higher cell density than that on the flat surface, and cell area also
decreased as the curvature value increased, regardless of the type
of curvature (Fig. S11). Furthermore, cell proliferation rates were
analyzed with 12 h intervals, which showed that cell growth on
the curved surface gradually increased (Fig. S11).
To ascertain the cell-density effect, we collected cell morphology data at 12 h and 48 h on the highest curvature substrate of
convex and concave channels (Fig. 4). On convex substrates, both
MDCK and HK-2 cells showed reduced elongation (increased IAR
values) as cell density increased. For example, the average IAR values increased from low (<450 cells/mm2) and high cell density
(>1500 cells/mm2) as follows: from 0.45 ± 0.18 to 0.57 ± 0.15 for
MDCK cells, and from 0.48 ± 0.16 to 0.58 ± 0.14 for HK-2 cells. By
contrast, on concave substrates, HK-2 cells showed elongated morphology as cell density increased, but MDCK cells did not significantly elongate. Average IAR values for low (resp. high) density
were 0.53 ± 0.14 (resp. 0.52 ± 0.16) for MDCK cells and 0.54 ±
0.15 (resp. 0.46 ± 0.16) for HK-2 cells.
Surprisingly, HK-2 cells on convex substrates under low-density
conditions did not show transverse directionality, but initially,
rather parallel (20° ± 20°) orientation, with gradual changes
toward the transverse (54° ± 25°) direction. MDCK cells on convex
substrates also showed an increase in the orientation angle as the
cell density increased, but the degree of change was weaker than
that of HK-2 cells. However, on concave surfaces, both MDCK and
HK-2 cells showed directionality parallel to the rod axis regardless
of cell density. These experimental results indicated that the celldensity effect was stronger on convex than concave surfaces. In
addition to the degree and sign of curvature and cell stiffness, we
confirmed that cell density also played an important role in
curvature-induced cell architecture.
3.4. Substrate curvature contributes to the polarization of renal
epithelial cells
We then tested whether surface curvature contributes to cell
maturation in addition to the adaptation of cell architecture. To
investigate this, we selected two markers: ZO-1 and NaK-ATPase
a1, which are important for renal epithelial cell functions, especially
those involving molecule reabsorption and transport. ZO-1 is a tightjunction marker, reported to be responsive to epithelial polarization
and various physical stimuli, such as fluidic shear stress [35] or substrate stiffness [36]. NaK-ATPase a1 is an important marker of transport polarization and cellular tonicity and contributes to controlling
ion concentration from filtrate solution [37]. In differentiated renal
tubular cells, ZO-1 localizes at the apical junctional layer, and
NaK-ATPase a1 localizes in the basolateral layer of cells [38].
By culturing HK-2 and MDCK cells for 72 h, we were able to
observe ZO-1 expression on convex substrates and elevated NaKATPase a1 expression on both convex and concave surfaces as
compared with that observed on flat surfaces (Fig. 5A and B).
MDCK cells showed a more distinctive marker-localization phenotype, with a highly developed tight-junction network and localization of ZO-1 and NaK-ATPase a1 at the apical and basolateral
layers, respectively (Fig. 5C). Moreover, we observed increases in
the heights of MDCK (Fig. 5C) and HK-2 cells (Fig. S12) cultured
on a curved surface relative to that of cells cultured on a flat surface, implying a positive stimulating effect of substrate curvature
on the growth of tubular epithelial cells. Because distinctive
apical-basal marker expression and localization are critical for cell
functionality [39] and physiological capacity [37] and renal tubule
formation [40], these results suggested that the curvature of the
substrates might contribute to the development of physiological
functions associated with renal tubules.
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4. Discussion
The present experiments highlighted an important observation
that 3D curvature is a crucial physical cue to determine the morphology, alignment, and maturation of epithelial cells. Through
the multiparametric investigation of cellular architecture of two
kinds of renal epithelial cells cultured on curved surfaces with different degrees and signs of curvature, we showed that the effect of
3D curvature was cell type specific. For example, MDCK cells, having higher cell stiffness and monolayer integrity compared to HK-2
cells, were more resistant to changes in substrate curvature than
HK-2 cells were. The preferred transverse orientation of cells on
highly convex surfaces (r = 44 lm) were more distinctive at the
surface for HK-2 cells, which have lower stiffness and TEER values
than those of MDCK cells. Furthermore, in contrast to conventional
culture on flat surfaces, the polarization of cells shown by apical
localization of the tight junction protein ZO-1 and basolateral
localization of NaK-ATPase a1 were more evident for cells cultured
on highly curved surfaces. Moreover, we confirmed the increased
cell height of MDCK and HK-2 cells on curved surfaces than that
on flat surfaces. In addition to the apical-basal marker expression
and height elevation results obtained in this study, further studies
such as TEER measurement of epithelial cells cultured on curved
surfaces will provide information on monolayer integrity to confirm the 3D curvature effects on the functionality of the epithelium. Moreover, porous and curved membranes may provide
even more enhanced polarization effect since it is well known that
epithelial cells have more polarized marker expression on porous
membranes than on solid surfaces [41].
MDCK cells contain a more robust cell-to-cell adherence network relative to HK-2 cells, allowing them a physiological advantage for minimal deformation. The minimal deformation of MDCK
cells on curved surfaces might be critical to prevent fluid leakage
from spatial gaps between cells to gain selective reabsorption
capacity in distal tubules. Notably, similar results have been
reported using brain microvascular endothelium in the BBB,
which shows strong tight-junction networks with low paracellular transport, possibly reducing the risk of penetration of harmful
chemicals or pathogens [12]. Together, these results suggested
that the contributions of cell stiffness and junctional adherence
might reshape cell morphology upon contact with curved substrates. While HK-2 and MDCK cells are two popular renal proximal and distal tubule cells, they are from different species.
Therefore, further study with primary renal epithelial cells from
different part of nephron is required to reveal 3D curvature effect
on the tubule segment-specific structure and physiological
functions.
Shen et al. reported that renal epithelial cells cultured in hollow
fibers showed enhanced glucose transport and brush border
enzyme activity [42]. However morphological changes were not
observed, possibly due to the fact that the selected range of diameter was much larger (400–1200 lm) than that of in vivo scales
[42]. Recently, several reports demonstrated microphysiological
models of kidney tubules cultured in curved channels or membranes, but neither cellular orientation nor curvature dependency
was reported [43–45]. Noticeably, Yevick et al. described that renal
epithelial cells have preferred transverse orientation and that cellular migration was promoted on highly convex surfaces of glass
cylinders (diameter 2–85 lm). However, no cellular polarization
or biological function was discussed [13]. In summary, there was
no clear demonstration of 3D curvature effects on cellular architecture or cell functionality. The current study shows that 3D curvature does induce cell elongation, orientation, and polarity
formation in a way that depends on the magnitude and sign of
the curvature.
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5. Conclusion
In this study, we examined the effect of substrate curvature on
the shape, orientation, and polarization of two kinds of renal
epithelial cells (HK-2 and MDCK) cultured on microchannels with
a broad range of principal curvature (|j|  0.023 lm1). Our experimental results demonstrated that 3D substrate curvature plays an
important role in the cellular morphology, alignment, and polarization of renal epithelial cells, which may potentially contribute to
advance in vitro tissue-model development.
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