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Multicellular tubes are structures ubiquitously found during development and in adult 
organisms. Their topologies (diameter, direction or branching), together with their 
mechanical characteristics, play fundamental roles in organ function and in the 
emergence of pathologies. In tubes of micrometric range diameters, typically found in 
the vascular system, renal tubules or excretory ducts, cells are submitted to a strong 
curvature and confinement effects in addition to flow. Then, small tubes with change 
in diameter are submitted to a local gradient of shear stress and curvature, which may 
lead to complex mechanotransduction responses along tubes, and may be involved in 
the onset or propagation of cystic or obstructive pathologies. We describe here a 
simple method to build a microfluidic device that integrates cylindrical channels with 
changes in diameter that mimic in vivo tube geometries. This microfabrication 
approach is based on molding of etched tungsten wires, which can achieve on a 
flexible way any change in diameter in a polydimethylsiloxane (PDMS) microdevice. 
The interest of this biomimetic multitube system has been evidenced by reproducing 
renal tubules on chip. In particular, renal cell lines were successfully seeded and 
grown in PDMS circular tubes with a transition between 80 lm and 50 lm diameters.  
Thanks to this biomimetic platform, the effect of the tube curvature has been 
investigated especially regarding cell morphology and orientation. The effect of shear 
stress on confluent cells has also been assessed simultaneously in both parts of tubes. 
It is thus possible to study interconnected cell response to differential constraints 
which is of central importance when mimicking tubes present in the organism. 

INTRODUCTION

Tubes are fundamental in the development and functioning of organisms.1–3 In organs such

as kidney, intestine, liver, mammary gland, and in vascular systems, tubes formed with epithe-

lial or endothelial cells surround a fluid-filled lumen undergoing permanent or pulsatile flow.

Tubes often exhibit changes in diameter, either physiologically or in a pathological context; it

is expected that these changes in diameter lead both to changes in hydrodynamic properties
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(shear stress) and confinement and curvature along the tube. A widely studied example of

change in diameter consists in branching in the vascular system or lung.1,4 Here, we focus on

changes in diameter without branching, which are a widespread feature in the organism. These

geometries are, for instance, observed at the level of the epithelium of the renal tubule with

highly reproducible transitions between the proximal or distal tubule and the Henle loop, with

lumen diameters between 50 and 15 lm.5 In some renal pathologies, defects appear more often

at these sites of physiological change in diameter. In nephropathies like nephronophthisis or

medullary cystic kidney disease, cysts are predominantly found at corticomedullary junctions,

which correspond to sites of physiological change in diameter between the Henle loop and

proximal/distal tubule.6,7 Moreover, in the organism, numerous disorders result in pathological

local narrowing or dilatation of tubes, and these acquired tubular shapes lead to subsequent

alteration of tissue organization and to additional deformations. These defects are frequently

caused by aberrant mechanotransduction, leading to altered proliferation and planar polarity.8–11

The topology of tubes (diameter, bending, and branching) is strongly involved in setting

the hydrodynamic properties of the lumen flow and hence in inducing cell mechanotransduction

responses. Tube topology also influences its own multicellular organization, in particular for the

smallest tubes (in the range of 100 lm in diameter) due to confinement and curvature effects.

Such micrometric tubes are for example found in renal tubules, vascular and lymphatic system,

bile canalicules, mammary, seminal or salivary ducts. In the literature, even in the absence of

flow, confinement in meso-scale regions leads to a strong effect on multicellular organization,

particularly concerning cell orientation, cytoskeleton organization, and migration.12–17 Specific

curvature effects superimpose with these confinement effects: perpendicular F-actin rings are

generated when cells are cultured outside small wires,12 while multicellular dynamics is deeply

altered when cells are cultured inside wires.18 These confinement/curvature effects were studied

only for constant diameters, to the best of our knowledge. Besides, flow application has been

demonstrated to generate additional effects on cell behavior compared to a static condition.

These effects are particularly well known for endothelial cells, which undergo high physiologi-

cal shear stress leading to strong cytoskeleton remodeling, orientation, and elongation in the

direction of flow.19–21 This effect of orientation under flow is less well described for epithelial

cells, which undergo much lower flow values, although flow leads here to cytoskeleton reorga-

nization22,23 and orientation of the division axis during renal development.24

Because the topologies of tubes, together with their mechanical characteristics, (flow, rigid-

ity) are central in organ function and in the emergence of pathologies, reproducing them in a

biomimetic system is crucial to decipher their developmental and pathophysiological mecha-

nisms. Compared to the widely used technique of microlithography, which yields channels with

a rectangular section, circular tubes will reproduce the effects of curvature described for epithe-

lial cells at small diameters and avoid differential adhesion for cells in the corners. Moreover,

this geometry yields uniform shear stress whatever the position on the section, compared to the

varying shear stress in channels with rectangular sections,25,26 which may have major conse-

quences in studies where collective cell behavior may result from local change in shear stress,

as demonstrated in studies on tube dilatation or cyst formation. Many methods were developed

in order to mimic the multicellular tube system (reviewed in Ref. 27) relying on either decellu-

larized supports, chip microengineering, 3D printing and two-photon photopolymerization, or

generation of hollow fibers.28,29 Classical lithography techniques allow branching studies but

generate channels with a rectangular-shaped section that are not adequate for reproducing the

tube circular geometry. Several methods were reported to build simple small circular channel

inside PDMS (polydimethylsiloxane) or the hydrogel matrix material. The first technique con-

sisted of gelling or curing the matrix around either glass capillaries, metallic rod or

wires.18,27,30–32 Direct fabrication of hollow fibers was also proposed.28,29 Beyond generation of

simple tubes with a constant section, different approaches were proposed for the generation of

more complex networks of circular tubes. A technique based on molding on semi-circular gela-

tin tubes was proposed for the engineering of branched circular tubes, however, the assembly

process would not be adapted to small tube generation.33 Elegant methods based on sacrificial

3D-printed circular branched sugar alcohol isomalt, or molded sodium alginate lattices,



produced a complex network of cylindrical channels.34,35 Direct methods based on 3D printing

or two-photon photopolymerization36–38 theoretically allow to draw any network with circular

tubes, however the resolution of 3D printing is still not completely compatible with the smallest

tubes, and two-photon photopolymerization remains a technique not widely accessible (because

it is costly and time consuming).

The combination of confinement/curvature and flow constraints on epithelial cells in non-

uniform topographies with change in diameter has not been investigated yet. Reproducing a

change in diameter in a single tube is important for pathophysiological studies, because (1) it will

give the information (cell morphology, function, signaling) on what is happening in the transition

region between two confined zones of different geometrical characteristics and (2) upon flow gen-

eration, it will ensure that different tube parts are subjected to the same input flow rate. Here, we

propose a simple approach to produce a microfluidic device containing multicellular micrometric

tubes with change in diameter that mimic renal tubes’ geometry. This approach relies on a tech-

nique of molding of etched wires in a PDMS matrix and gives access to a wide range of changes

in diameters. To demonstrate the potential of our biomimetic approach, we investigate the organi-

zation of renal epithelial MDCK (Madin-Darby Canine Kidney) cells in PDMS circular channels

with a change in diameter from 80 to 50 lm, which corresponds to a lumen diameter of 65 to

35lm, close to physiological conditions. In particular, thanks to this microfluidic platform, we

studied cellular changes in orientation and elongation along the tube due to confinement/curvature

gradients, and the response to flow generation. This method will pave the way to studies aiming

at deciphering how coupled effects of gradients of shear stress and curvature are managed by

mechanotransduction systems (e.g., ion channels, adhesion molecules), in multicellular tubes with

changes in diameter characteristic for physiological or pathological conditions.

EXPERIMENTAL

Microfabrication

Circular channels were fabricated by the removal of etched tungsten wires from a polydi-

methylsiloxane (PDMS) piece. First, tungsten wires (Goodfellow) with a diameter of 80 lm

were half-varnished with nail polish (Clinique). The polish brush was mounted on a transla-

tional stage for a better control of the nail polish deposition. The polished wires were immerged

and shaken during 8 h in 10 ll of Murakami’s etchant, containing 0.13 g of KOH, 0.34 g of

KH2PO4, and 0.33 g of K3Fe(CN)6 (Sigma) in order to reduce the diameter of the exposed part

of the wire. The nail polish was then removed with acetone.

The etched tungsten wires were inserted through two 1 mm-wide holes, 5 mm apart, created

on a microscopic glass slide (26 � 75 mm, VWR) by abrasive blasting through a drilled steel

mask. Up to 8 wires were put in parallel on the same glass slide. The diameter change was

located between the two holes. PDMS (Sylgard 184, Dow Corning), mixed at a 10:1 ratio with

the curing agent, was then poured on the glass slide and cured during 2 h at 70 �C. The tungsten

wires were removed from the PDMS and access inlets (2 mm in diameter) were punched at the

position of the previous holes. The PDMS part was finally bonded to a circular cover slip

(32 mm, 0.17 mm) with a plasma treatment.

Cell culture and flow experiments

MDCK cells were cultured in DMEM (Dulbecco’s Modified Eagle’s Medium) supple-

mented with 10% FCS (Fetal Calf Serum), at 37 �C and 5% CO2. MDCK Lifeact-GFP cells

were obtained by stable transfection with Lifeact-GFP plasmid (Ibidi) as previously

described.12,39 E-cadherin-DsRed MDCK cells were kindly given by Nelson,40 MDCK Fucci

cells were a kind gift of Hufnagel.41 Stable Lifeact-GFP transfected cells were grown in com-

plete media with 0.4 mg/ml geneticin (Invitrogen).

Before cell seeding, circular channels were first sterilized in ethanol and rinsed with PBS

(Phosphate-Buffered Saline). They were afterwards coated, either with fibronectin (Sigma

Aldrich; 1 h room temperature, 50 lg/ml in PBS) or laminin or type IV collagen (Sigma



Aldrich, respectively, 100 lg/ml and 30 lg/ml in PBS 2 h at 37 �C) and rinsed again in PBS. A

drop of filtrated, concentrated cells (1–5 � 106 of cells in 100 ll of complete media) was

deposited on one side of the channel with a 10 ll Hamilton syringe. Hydrostatic flows moved

the cell suspension through the channel and cells sedimented randomly in the channels and res-

ervoirs. After 1 h, the media was changed and the cells attached at the bottom of the reservoirs

were mechanically detached and aspirated.

An initial 1-day adhesion without flow at 37 �C was performed; afterwards, either flow was

applied for one day (for flow experiments), either medium was changed once or twice a day in

the channels (for static experiments).

For flow application, the microfluidic chip was kept during 1 day in an incubator at 37 �C
and 5% CO2, with the complete MDCK culture medium pushed by a syringe-pump (either

Harvard Apparatus or Aladdin, World Precision Instruments) at a flow rate of 0.15 ll/min.

Labeling and imaging

Cells were either imaged alive (Lifeact-GFP or cadherin-DsRed MDCK cells), or fixed in

tubes with 4% paraformaldehyde in PBS (WT (Wild-Type) MDCK cells). F-actin was labelled

on MDCK WT cells with 25 lg/ml phalloidin-TRITC (tetramethylrhodamine isothiocyanate)

(Sigma); labeled structures were conserved and imaged in PBS without the mounting step.

The images were acquired—on a spinning disk microscope (Gataca Systems, France). The spin-

ning disk microscope is based on a CSU 22 Yokogawa head mounted on an inverted Ti-E Nikon

microscope equipped with a motorized XY Stage. The images were acquired through a 40� 1.4 NA

CFI Super Plan Fluor ELWD objective with a EMCCD camera (QuantEM, Photometrics, USA).

Optical sectioning was achieved using a piezo stage (PIFOC Nanopistionners, PI, France). Gataca

Systems’ laser bench is equipped with 405, 491, and 561 nm laser diodes, delivering 100 mW each,

coupled to the spinning disk head through a single-mode fiber. Multi-dimensional acquisitions were

performed in the streaming mode using the Metamorph 7.7.6 software (Molecular Devices), or—on

a spinning disk CSU-X1–1.000 rpm (Leica), Hamamatsu Flash 4V2 cameras, 40� or 10� objectives

(Imaging facility of Institute Pierre-Gilles de Gennes).

Image analysis

Images were treated and analyzed with ImageJ or Metamorph (Meta Imaging Series) (z
projections, enhancement of contrast or denoising for graphical representation). For denoising,

Safir Filter ImageJ plugin developed by Jerome Boulanger was used.42 Cell length and angle

with the tube direction (between 0� and 90�) refer to manual measurements on the cell long

axis. The width was measured on the cell perpendicular short axis, with the inverse aspect ratio

defined as the ratio between the length of the short axis and the length of the long axis.

Measurements were done with ImageJ. The measurements of individual cells orientation were

confirmed by measurements of local orientation performed with OrientationJ (written by Daniel

Sage, EMBL)43 (not shown). The relative proportions of red and green Fucci cells (approxi-

mated as proportions of red and green areas) were computed after binarization and surface area

measurement in each image. The graphs were plotted with Kaleidagraph, and statistical analysis

(Student’s t-test) performed with Microsoft Excel.

RESULTS AND DISCUSSION

Microfabrication of biomimetic tubes with changes in diameter

To study the influence of geometry and shear stress on an epithelial monolayer, we devel-

oped an original approach to generate tubes with diameter changes in a PDMS matrix as sup-

port for cell culture. The microfabrication process was designed to fulfill several requirements.

First, it should produce an array of circular channels with changes in diameter with dimensions

in the same order of magnitude than in vivo, here in particular, we aim at reproducing renal

tubes. Second, the technology should be compatible with high-resolution imaging. It implies

that the distance between the tubes and the coverslip had to be small enough (below mm).



Finally, for easy handling in biological labs, solution injection for coating, washing and cell

seeding should be simply made by pipetting.

In order to build micrometric tubes in PDMS with changes in diameter, we first generated

cylindrical wires with a discontinuous diameter. To do so, we used chemical etching with wires

partially protected to limit the etching zone. This heterogeneous etching was made possible by

varnishing half of the tungsten wires. To achieve a sharp transition in diameter, we optimized

the varnishing step so that a thin and uniform film of nail polish covered partially the wire by

dip coating. Then, a Murakami’s etchant was used to slowly etch the unprotected tungsten wire

side, from 80 lm to 50 lm. A reproducible and progressive change in diameter is obtained,

with a typical angle of 45� due to the isotropic etching. The microdevice fabrication is reported

in Fig. 1. Briefly, wires were then inserted in a drilled glass slide and a mix of liquid PDMS

and curing agent was poured above the glass slide. After curing, the wires were easily removed

without any lubricant and their shapes were directly transferred into the PDMS. Importantly,

this technique created channels close (typically 200–400 lm) to the glass coverslip for imaging

with working distances associated with high resolution objectives. The number of circular chan-

nels per chip was fixed at 6.

To promote cell adhesion to the PDMS circular channels, coating of the lumen with fibro-

nectin, or laminin or collagen IV corresponding to extracellular matrix physiologically present

in renal tubules, was performed by a simple injection into the channels. As assessed by fluores-

cent laminin coating, this approach resulted in homogenous coating uniform along channels

(data not shown). We thus demonstrate the possibility to simply inject cell suspensions within

the channels and show similar adhesion and morphologies for the three different coating

molecules.

In our set-up, tube colonization did not start from the reservoirs. Instead, cell colonization

originated from initial random areas of cell adhesion inside tubes, which were distributed quite

evenly between the different sections. This procedure avoided any bias that would result from

colonization from one particular side (small or large diameter). To take into account a possible

heterogeneity between the different experiments, we systematically confirmed our conclusion

by checking that the observed results (difference small/large) were identical in all pairs of dif-

ferent segments of tubes. We also checked that our angle measurements were largely indepen-

dent on cell sizes (linked to cell density) among the different experiments (see supplementary

material).

Renal epithelial cells form confluent epithelia in tubes

Renal MDCK were used as an epithelial cell model to reconstitute the renal tube with

change in diameter. The choice of this classical model of tubular cell line of distal origin as a

proof of concept represents a first step towards more complex models that could recapitulate in

particular, the different cell types present in vivo in the different parts of the tubules: proximal

tubules (diameter 50 lm, cuboidal cells with developed brush border), thin descending and

ascending Henle loops (diameter 15 lm, flat, squamous epithelial cells), thick ascending part of

the Henle loop (cuboidal cells with extensive basal invaginations), and distal convoluted tubules

(diameter 30–40 lm, cuboidal cells). Seeding in our tubes with change in diameter between 80

lm and 50 lm led to a lumen diameter around 65 and 35 lm, close to the in vivo situation.

Dimensions were selected to achieve a trade-off between the in vivo situation (50 and 15 lm)

and ease of cells seeding. Renal epithelial MDCK cells seeded in channels with diameter

between 80 and 50 lm were able to form a confluent epithelium, colonizing either wide regions

of the channels (generally>300 lm long) or the whole tube (depending on seeding conditions)

after 1 day in culture. Cells could be cultivated several days in tubes, providing a daily change

in media was performed with pipetting. Figure 2(a) shows a tube uniformly covered with

Lifeact-GFP MDCK cells, 8 days after seeding. To further assess the biocompatibility of our

tube chip approach, cell survival was systematically checked through the continuous production

of Lifeact-GFP. It was also monitored with MDCK-Fucci cells,41 showing that about 30% cells

were in the S/G2/M phase indicative of a progression in the cell cycle and 70% in the quiescent

ftp://ftp.aip.org/epaps/biomicrofluidics/E-BIOMGB-12-014802
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G0 or G1 phase after 2–3 days culture [Fig. 2(b)]. These proportions were similar to cells in 2D

cultures in our experimental conditions, suggesting that cells culture in channels did not affect

cells cycle progression. High-resolution imaging showed that confluent cells established inter-

cellular contacts rich in F-actin in each part of the tube, thanks to a Lifeact-GFP labeling on

live cells [Figs. 2(c)–2(e)]. We also evidenced an adequate formation of adherens junctions

between cells by E-cadherin-GFP stable expression [Fig. 2(f)]. Together, these observations

demonstrate that our approach is able to reconstitute a confluent monolayer of renal cell lines

in circular channels of small sizes over several days.

Cell organization and morphology as a function of the tube diameter

To further investigate cell behaviors as function of the tube geometry, we defined three zones

of interest in these tubes: (i) large diameter, (ii) change in diameter (including cells partly present

FIG. 1. Schematic representation of the microfabrication process. (a) Tungsten wires with controlled change in diameter

were generated by etching with partial protection of the wire. (b) Half-etched tungsten wires were inserted into a drill glass

slide. (c) Removal of the tungsten wires after PDMS curing created tubes with change in diameter. (d) The PDMS part was

removed from the previous glass slide, reservoirs were punched, and the PDMS device was bounded to a glass coverslip by

plasma treatment.



in this region), and (iii) small diameter. In order to assess the influence of cell curvature and con-

finement on the morphology first in static conditions, cell dimensions and orientations were quan-

tified in these different zones of tubes [Fig. 3(a), Table I]. This was done by manual measure-

ments, for all cells, of angles of the cell principal axis with the tube direction. The most

important feature was an increase in orientation (defined as the angle with tube direction) in the

small diameter section compared with the large diameter section. In the large diameter section,

the angle distribution (between 0� and 90�) is almost random (orientation slightly biased toward

the tube direction), as reflected by its mean value of 37�, close to 45� corresponding to random

orientation. In the small diameter section, angle values are shifted to 0, with a mean angle of 28�,
which illustrates an increased alignment in the tube direction. [Fig. 3(a), Table I, statistically sig-

nificant difference with p< 10�4, n¼ 386 and 440 cells]. This tendency was systematic in each

pair of small- and large-sections in the same tube, for fibronectin-coated tubes corresponding to

the reported statistics, as well as in collagen IV-coated tubes (n cells¼ 85, not shown).

Orientation in the “change of diameter” region appears intermediate. Increased orientation in the

small part is summarized in Fig. 3(b). The change in orientation was the most striking difference

between large and small parts, while differences in cell shape factors like elongation (here esti-

mated from the cell inverse aspect ratio), were less significant.

The observed increase in orientation in the small section is in the range of the effects

reported in experiments on MDCK cells confined on 2D tracks, with a change from random ori-

entation to a partially oriented morphology for small widths.17 Our results are in agreement

with these effects imposed by confinement, i.e., an increase in orientation significant but of rel-

atively low magnitude, progressively in the range of 80–50 lm. Curvature effects potentially

superimpose here on confinement effects but both cannot be disentangled in these conditions.

These combined effects of confinement and curvature were studied for endothelial cells in

capillaries of different diameters, or epithelial MDCK cells without flow, for which an increase

in orientation and elongation has been shown for the same range in diameters.18,44 These curva-

ture effects were studied in detail for MDCK cells in a report with individual tubes of different

diameters, with similar reported effects of progressive increased cell and F-actin orientation for

a diameter inferior to 75–100 lm for MDCK cells in tubes, combined to decreased migration at

these diameters, reflecting both local effects on cytoskeleton/adhesion mechanical organization

and long-range intercellular effects for small diameters at strongly negative curvatures.18 This

effect is important for the field of collective behaviour; physiologically, the effects of constant

FIG. 2. Characterization of cells in tubes with change in diameter. (a) Long-term culture in tubes. Imaged with a 10�
objective at spinning disk, z projection, and concatenation of images to get the whole tube. MDCK Lifeact-GFP cells were

seeded in circular PDMS fibronectin-coated tubes with change in diameter (square) between 50 lm (right) and 80 lm

(left). They were maintained in culture for 8 days (shown here), with uniform confluency in the whole tube obtained before

day 2. Culture conditions were here sequentially: static conditions for 2 days, flow (0.15 ll/min) for 1 day, and static condi-

tions for 5 days. All other subfigures refer to shorter-term culture (3-5 days) without flow. (b) MDCK-Fucci cells in

laminin-coated tube, 3 days culture. (c) MDCK Lifeact-GFP cells in tubes (large section), coated with fibronectin, 5 days

culture: z projection of the lower half of the tube, or (d) profile view. (e) MDCK Lifeact-GFP cells in a small section, same

conditions as (c) and (d). (f) MDCK-E-cadherin-DsRed cells in collagen-coated tubes, 3 days culture, change in diameter

(z projection). The bar represents 20 lm. (c)–(f) Imaging with �60 objective at the spinning disk.



FIG. 3. Orientation and elongation of cells in tubes with or without flow. (a) Cell orientation and elongation in the different

tube parts: (a) angles with the tube axis of the cell principal direction, measured in the different parts of tubes: large-diameter

(blue), change in diameter (green), and small-diameter (orange). All measurements were made in fibronectin-coated tubes, 3–5

days after cell seeding. Large and small-diameters data were statistically significantly different with p < 10�4 (see Table I).

Mean angles are indicated in magenta. (a0) Similar diagrams after one day of continuous flow (0.15 ll/min). (b) and (b0)
Recapitulative scheme of orientation as a function of tube diameter, in static conditions (left) and under flow (right). (c) and (c0)
Histograms of the inverse aspect ratio (length of short axis divided by the length of the long axis) (c) in static conditions: large-

diameter section (blue), small-diameter section (orange), and (c0) after 1 day of continuous flow: large-diameter section (dark

blue), small-diameter section (red). Counts (y axis) were normalized so that the histogram area was the same for the different

conditions. See Table I for statistics. (a to c0) Organization in the large-diameter section in static conditions systematically dif-

fered from other conditions, with statistically significant differences, p < 10�4. Mean ratios are indicated in magenta. (d)

Whole-tube image of MDCK Lifeact-GFP cells in the fibronectin-coated tube upon flow (0.15 ll/min). Imaging performed at

the spinning disk with a �10 objective (top, concatenated fields, bottom, detail). After seeding, the cells were kept 2 days in

static conditions in order to achieve optimal binding, and a 1-day flow was applied. (b) zoom on the region of change in diame-

ter. The bar represents 20 lm. (e) F-actin organization (Lifeact-GFP labeling, lower part of the tube) after 1-day flow, imaged

with a 60� objective, spinning disk.



luminal flow have to be superimposed. Physiologically, an adequate planar polarity is important

for maintaining the tube diameter during proliferation events, in particular tubular elongation

during development24 or in epithelial repair events. Here, thanks to this original microfabrica-

tion approach, the study of geometrical transitions and the coupling between regions of differ-

ent diameters has been made possible on chip.

EFFECT OF FLOW ON CELL ORGANIZATION IN TUBES

Tubes with changes in diameter give rise to spatial variations of shear stress with a constant

input flow. We generated flows of low magnitude on cells in tubes (1 day flow at 0.15 ll/min

after 2 days in static conditions) [Figs. 3(d) and 3(e)]. This is in the range of values found in vivo
in renal tubules [shear stress values of 0.2-1 dyn cm�2].22,49 Changes in orientation and elongation

generated by flow were thus investigated. In a large diameter section, orientation increased upon

flow, compared to the absence of flow, with the angle direction shifting from mean values of

37.3� to 27.3� (n¼ 440 and 438 cells, statistically significant difference) [Figs. 3(a) and 3(a0),
Table I]. Cells became also more elongated, with the inverse aspect ratio from 0.66 to 0.56 [Figs.

3(c) and 3(c0)], and longer (length of the cell long axis from 20.7 lm to 27.8 lm) (Table I). In

contrast, in small-diameter tubes, orientation remained largely unchanged (mean angle value from

27.8� to 30.5�, n¼ 386, 192), while cells slightly elongated with the inverse aspect ratio shifting

from 0.6 to 0.53 [Figs. 3(a) and 3(a0), Table I], reaching values similar to the large-diameter part.

The part with change of diameter, which exhibited without flow an orientation intermediate

between large and small parts, oriented upon flow to reach values similar to the surrounding large

and small parts (mean angle value shifting from 35.3� to 30�), also with a similar elongation.

These results show that under shear stress, the cellular organization became uniform in the whole

tube whatever the channel diameters, and cells oriented similar to cells in the small-diameter sec-

tion without flow. Figures 3(b) and 3(b0) illustrate this homogenization of orientation upon flow.

Physiologically, the cell types in the different parts of the tubule have very different morphologi-

cal and functional properties (although the morphology or cell division axis being reported non

isotropic towards tube axis in several studies for different types).24,45,46 Orientation and elonga-

tion under flow are well known for endothelial cells, however reorientation and elongation of cell

shape observed here in large diameter were not described in 2D studies for epithelial cells. For

TABLE I. Statistics on cell organization. Statistics in the different parts of fibronectin-coated tubes, without and with flow

(0.15 ll/min for 1 day), are shown: mean, standard deviation, number of cells; in No. of tubes ¼ 8 (without flow), 4 (flow
on tube with change in diameter), plus 4 (flow in tube with constant flow). “stat diff from” indicate conditions with which a
statistically significant difference with p < 10�4 was determined. Boldface values refer to mean values, italic values to indi-
cations about conditions with statistically significant differences.

Large, l Change, c Small, s Large-flow, l-f Change-flow, c-f Small-flow, s-f

Angle (deg)

Mean 37.3 35.3 27.8 27.3 30 30.5

Standard deviation 25.9 21.8 24 23.3 21.9 22.4

No. of cells 440 39 386 438 21 192

Stat. diff. from s, l-f l l

Inverse aspect ratio

Mean 0.66 0.61 0.6 0.56 0.53 0.53

Standard deviation 0.16 0.15 0.14 0.16 0.13 0.17

No. of cells 312 24 401 346 15 152

Stat. diff. from l-f s-f l s

Length (lm)

Mean 20.7 18.6 17 27.8 27.7 26.2

Standard deviation 5.9 3.5 7.8 8.8 8.4 8.4

No. of cells 287 24 400 412 15 152

Stat. diff. from l-f s-f l s



epithelial cells in in vitro culture, cytoskeleton reorganization including reinforcement of periph-

eral focal contacts and actin bundles were described upon prolonged flow, and are essential for

the maintenance of epithelial integrity.22,47,48 Analysis of the cytoskeleton and contact reorganiza-

tion goes beyond the scope of this paper, however, one could imagine that cells in small diameter

already have a cytoskeletal reinforcement at the periphery because of increased confinement, and

may be therefore less sensitive to flow as in large diameter. On a very hypothetical way, one

could imagine that homogenization of orientation by flow for a given cell type would render cells

less sensitive to the change in diameter (e.g., tube dilatation), allowing to keep planar polarity

despite changes in curvature constraints; such properties may be lost for cells with altered mecha-

notransduction (e.g., ADPKD, nephronophthisis).24

CONCLUSION

Methods of circular tube generation by molding were described in the literature, however,

to the best of our knowledge, it has been limited so far to tubes with a constant diameter.18,30,31

Our system allows to generate a change in diameter with circular tubes, and to reproduce geom-

etry and precise flows observed in tubes of varying section in the organism. The system is very

versatile and allows virtually any change of diameter, or successive sections of varying diame-

ter, by adapting the protected areas on a tungsten wire, and the duration of etching. Here, small

diameters were chosen in order to approach physiological conditions (e.g., kidney tubules), and

also because confinement effects are expected in this range.

Thanks to this unique platform, we showed that a uniform covering of epithelial confluent

cells could be obtained and maintained for a long-term cell culture, even in small PDMS chan-

nels (up to two weeks). We illustrated the potential of our method by studying the effects of

diameters and flow on epithelial cell orientation. We observed an increase in cell orientation

toward the tube axis, in agreement with the literature concerning confinement, with mild transi-

tions for the change in diameter area. Moreover, different effects of flow in function of diame-

ter were observed (orientation and elongation in large-diameter, no or minimal effect in small

diameter), leading to homogenization of orientation upon flow in the different regions.

Directions to improve our system in order to go closer to physiological and pathological

conditions would include: (1) seeding large and small diameters with different cell types (e.g.,

proximal tubule/Henle loop), for example, by sequential seedings, with removal of only half of

the wire before the first seeding, (2) comparing physiological flows with increased flows

observed in pathological conditions: indeed, in a wide number of chronic nephropathies,

obstructions in some nephrons leads to hyperfiltration in the remaining functional nephrons,

with an increased flow rate value, which can reach a factor 2–4.49 On a physiological side,

applying a pulsatile flow may also be important, as it has been described physiologically (fre-

quency 1–5 Hz) and will modulate cell mechanotransduction response.50

Below these specific conditions, this system could be used for a variety of situations where

particular effects could be expected at the region of change in diameter. This system could be

used for the study of diseases where variations in tube diameters play important roles, in particu-

lar in kidney (like nephronophthisis, where cysts are more concentrated in corticomedullary junc-

tions that could correspond to areas of transitions with the Henle loop). Moreover, this system

could also be used directly for the study of other types of multicellular, epithelial tubes (lym-

phatic vessels, mammary glands, etc.,) by changing the cell type seeded and the tube dimensions.

SUPPLEMENTARY MATERIAL

See supplementary material for details about the seeding procedure and relationship

between cell angles and characteristic sizes.
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