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Since the inception of soft lithography, microﬂuidic devices for cardiovascular research have been
fabricated easily and cost-effectively using the soft lithography method. The drawback of this method
was the fabrication of microchannels with rectangular cross-sections, which did not replicate the circular
cross-sections of blood vessels. This article presents a novel, straightforward approach for the fabrication
of microchannels with circular cross-sections in poly(dimethylsiloxane) (PDMS), using soft lithography.
The method exploits the polymerization of the liquid silicone oligomer around a gas stream when both of
them are coaxially introduced in the microchannel with a rectangular cross-section. We demonstrate (i)
the ability to control the diameter of circular cross-sections of microchannels from ca. 40–100 mm; (ii) the
fabrication of microchannels with constrictions, and (iii) the capability to grow endothelial cells on the
inner surface of the microchannels.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
In the past decade, microﬂuidics has emerged as a powerful tool
for mimicking cardiovascular systems. Microchannels with varying
geometries and surface properties have been used to study the
behavior of individual cells and cell suspensions under dynamic
conditions [1–7]. For example, in studies of ﬂow of individual cells
in glass capillaries coated with small molecules or proteins it has
been established that cell attachment to the capillary wall enhances
with decreasing shear stress [2]. By constructing a ﬂow proﬁle of
red blood cells in a glass capillary it was established that the
resistance to ﬂow can signiﬁcantly increase when a single neutrophil blocks the channel [8]. In another series of experiments
conducted for blood with 20% haematocrit in microchannels with
a rectangular cross-section, good agreement was found between
experimental and theoretical velocity proﬁles in the middle plane
of the channel, whereas noticeable deviations between theory and
experiments existed at locations close to the channel walls [9].
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Since the inception of soft lithography, microﬂuidic research on
cardiovascular systems has been dominated by studies conducted
in microﬂuidic devices fabricated in polydimethylsiloxane (PDMS)
[1,3–7,9–11]. PDMS devices are cost-efﬁcient, oxygen-permeable
and non-cytotoxic. Furthermore, the ability to replicate complex
geometries of the micro-cardiovascular system and to precisely
tune the dimensions of microchannels have made the soft lithography method very beneﬁcial for cell studies [6]. Yet, the drawback
of PDMS devices produced by this method is the rectangular crosssection of microchannels [12], which does not replicate the circular
cross-section of blood vessels. Under constrained conditions, that
is, when cell dimensions are larger than the diameter of a blood
vessel [8], cells act as plugs: they experience a shear stress, elongate, and due to the pressure build-up, are pushed through the
constriction [6,8]. In microchannels with a rectangular crosssection spherical cells do not conformally plug a microchannel. The
ﬂow of the continuous liquid phase occurs through four corners of
the microchannel, thereby changing the shear stress imposed on
the cell and inﬂuencing the pressure build-up in the channel.
Furthermore, in rectangular channels the area of contact of
conﬁned cells with the microchannel walls is reduced, and the ﬂow
proﬁle of the cells differs from that in a channel with a circular
cross-section [13,14]. These features preclude accurate mimicking
of the ﬂow of cells through the blood capillaries by using the
microchannels fabricated by soft lithography.
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Microchannels with a circular cross-section were fabricated by
casting PDMS around templates such as glass capillaries [10],
stainless steel rods [15–17], and nylon threads [18]. The main
detriment of these methods for studies of cells in constrained
geometries is an insufﬁcient ability to gradually change the diameter of the microchannel. Moreover, with rigid templates fabrication of channels with complex geometries and especially, channel
networks becomes a challenge. A useful method includes fabrication of PDMS channels with a rectangular cross-section, followed
by its subsequent transformation to a circular one [19,20]. Reshaping rectangular cross-sections using silica sol gel reactions
[16], polymerization of low molecular weight silicone oligomers
[20,21], or modiﬁcation of SU8 masters [22] was used for the
preparation of microchannels with circular cross-sections;
however, these works lack the control to gradually change the
diameter of microchannels, which is critically important for studies
of cells under conﬁnement.
Here we describe a simple, straightforward approach to
producing microchannels with a circular cross-section in microﬂuidic devices fabricated in PDMS. Our strategy includes (i) the
fabrication of microchannels with a rectangular cross-section
using a soft lithography method; (ii) the introduction in the
microchannel of a coaxial stream of a gas and a solution of the
silicone oligomer in an organic solvent; (iii) the polymerization of
the oligomer around the gas stream and the removal of the solvent.
In our strategy, the gas stream serves as a template that controls
the shape and the diameter of the cross-section of the fabricated
microchannel. Furthermore, we show the ability to seed a monolayer of endothelial cells on the surface of circular channels. The
proposed method can be successfully used for the fabrication of
microchannels with varying diameters, which can be used for
optical microscopy studies of ﬂow of ‘‘surrogate’’ cells under
constrained conditions [23,24].

Fig. 1. Schematic of the fabrication of microchannels with circular cross-sections. (A)
Original microchannel with square cross-section fabricated by the soft lithography
method; (B) Microchannel ﬁlled in with a solution of silicone oligomer in hexanes
(grey color), (C) Microchannel as in (B) with a stream of N2 (white color) passing along
the channel; (D) Microchannel with a circular cross-section following polymerization
of silicone oligomers.

2. Experimental design
2.1. Fabrication of PDMS microchannels
Microﬂuidic channels were fabricated in PDMS (Sylgard 184 Silicone Elastomer
Kit, Down Corning Corp., Midland, MI) using a standard soft lithography method
[12]. Fluidic ports were fabricated using a cork borer to make a 17 gauge inlet. A
patterned PDMS sheet was sealed to a planar PDMS sheet using plasma-induced
bonding (550 mTorr in air, 90 s) and the device was subsequently incubated in air at
72  C to render the surface of PDMS hydrophobic.
The devices were examined using an optical microscope (Olympus BX51)
equipped with a camera (Olympus U-CAMD3). The images were analyzed using
Image Pro Plus software (Media Cybernetics, MD, USA). We examined the modiﬁcation of microchannels with three designs. First, we modiﬁed a rectangular crosssection of microchannels with dimensions 100 mm  115 mm  5 cm. The second set
of microchannels with dimensions 100 mm  115 mm  5 cm was topographically
patterned with 300 mm  60 mm constrictions, which were separated by the distance
2 mm. A third set of microchannels was used for cell growth and had the dimensions
1 mm  1 mm  5 cm.
2.1.1. Modiﬁcation of rectangular PDMS microchannels
Fig. 1 shows the schematics of the proposed approach. A microchannel with
a square cross-section is fabricated in PDMS by the soft lithography method
(Fig. 1A). Using a syringe with an 18 gauge needle and 17 gauge o.d. telfon tubing
(Small Parts, USA), the channel is manually ﬁlled with a solution of silicone oligomer prepared by dissolving the silicone oligomer and the initiator (in a 10 to 1
ratio) in hexanes (Sigma–Aldrich Canada) at different concentrations (Fig. 1B). In
the next step, a stream of N2 from a tank is introduced in the channel via Telfon
tubing. The tubing is sealed to the device with an epoxy resin (LePage, Canada). The
N2 pressure was varied using a pressure gauge (Bellofram Corp., USA). The N2
stream forms a gaseous thread with a circular cross-section in the center of the
channel (Fig. 1C). The device is placed for 10 min on a hot plate at 100  C. The
polymerization of the silicone oligomer around the N2 stream, and the evaporation
of the hexanes leave behind a circular microchannel (Fig. 1D). In the described
approach, the stream of N2 acts as a ﬂuid template determining the dimensions of
the circular microchannel. Once the silicone oligomer is polymerized, the passage
of N2 is terminated, the microﬂuidic device is cooled to room temperature and is
ready for use.

In the present work, we examined the effect of pressure, PN2, of the nitrogen gas,
and concentration, CP, of the silicone oligomer in the hexane mixture, on the
microchannel diameter, Dm. Each experiment was run using 5 devices. To measure
the value of Dm, the devices were cut at positions 1, 2.5 and 4 cm from the inlet, and
the diameter of the microchannel cross-section was examined by optical microscopy. The variation in the value of Dm originated from the difference in microchannel
diameter in different microﬂuidic devices, as well as the variation in the diameter of
the microchannel in three aforementioned positions. Along the channel, the variation in Dm did not exceed several micrometers.
2.1.2. Modiﬁcation of rectangular microchannels with a constriction
The method illustrated in Fig. 1 was also used to modify the cross-section of
microchannels with a 300 mm  60 mm constriction located 2.5 cm from the inlet
of the microchannels. The rectangular cross-section of the constriction was
transformed into a circular one by polymerizing silicone oligomers in a 50 wt.%
solution in hexanes around the N2 stream at a pressure of 15 psi. To measure the
diameter of the circular microchannel in the constriction, a 5 mg/mL aqueous
solution of a ﬂuorescent dye Rhodamine B was introduced into the microchannel
and ﬂuorescence images of the channels were acquired immediately after the
solution and analyzed.
2.1.3. Patterning circular microchannels with endothelial cells
The method illustrated in Fig. 1 was used to modify microchannels with the
dimensions 1 mm  1 mm  5 cm. The microchannels were ﬁlled with 90 wt.%
PDMS in hexanes and ﬂashed with N2 at pressure of 5 psi. After polymerizing PDMS
on a hot plate for 10 min, the devices were placed in a 140  C oven for 2 h to ensure
complete evaporation of hexanes. Once the device cooled to room temperature,
tetraethyl orthosilicate was injected into the channels and the device was returned
to the 140  C oven for 0.5 h to form a thin SiO2 layer on the surface of PDMS [22]. The
SiO2 layer aided in cell adhesion to the channel walls. Once the device was cooled to
room temperature, an aqueous solution of 1 mg/mL ﬁbronectin (Sigma–Aldrich,
Oakville, ON) was injected into the channels for 2 h to adsorb to the channel surface.
Primary porcine aortic endothelial cells (PAECs) were injected into the channels at
the concentration of 1  106 cells/mL and were cultured in M199 (Sigma) supplemented with 5% fetal bovine serum (Fisher Scientiﬁc, Ottawa, ON), 5% cosmic calf
serum (Fisher Scientiﬁc), and 1% penicillin–streptomycin. The microchannels were
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Fig. 2. (A–D) Bright ﬁeld images of the cross-sectional area of the microchannels produced at CPDMS ¼ 50% at PN2 of 15 psi (A), 12.5 psi (B), 10 psi (C), and 5 psi (D). Scale bar is 40 mm.

placed into an incubator for 10 min to allow cells time to settle. The devices were
then reseeded with cells [25], rotated by 90 and again placed into an incubator for
10 min. This step was repeated two more times to cover the entire surface of the
circular channels with cells. During the reseeding processes a ﬂow rate of less than
0.1 mL/h is used to keep shear stresses in the channel minimal to avoid cell
detachment from the walls. After the last cell suspension was injected, the microchannels were placed upright into an incubator for 4 h. After this time interval, 500
mL of culture media was injected into each channel to feed attached cells, and
remove any unbound cells. After 24 h, PAECs were ﬁxed within microchannels using
10% neutral buffered formalin and permeabilized with 0.1% Triton X-100 (Fisher
Scientiﬁc). Cells were stained for ﬁlamentous (F)-actin and nuclei using ﬂuoroscein
isothiocyanate (FITC)-conjugated phalloidin (1:100 dilution) (Sigma) and Hoechst
(1:1000 dilution) (Invitrogen, Burlington ON), respectively.

3. Results and discussion
3.1. Variation of microchannel diameter with varying nitrogen
pressure
Fig. 2 shows bright ﬁeld optical microscopy images of the
transformation of the rectangular microchannel cross-section into
a circular one, achieved at CP ¼ 50 wt.% and N2 pressure varying
from 5 to 15 psi. With two-phase ﬂow, the diameter in the inner
phase has been shown to increase with increasing pressure of the
inner phase [26]. For the N2 gas pressure in the range 5 < PN2 < 15
psi the microchannels had circular cross-sections with welldeﬁned, controllable diameters, and the circular ‘opening’ was
symmetric, with the ratio of the vertical to horizontal diameters of
1  0.05. With decreasing value of PN2 the diameter of the circular
channel reduced. For PN2 > 15 psi, the microchannel had a square
cross-section with rounded corners, whereas microchannels
generated at PN2 < 5 psi had circular cross-sections with varying
diameters. The latter effect occurred due to Rayleigh-Plateau
hydrodynamic instabilities in the N2 gas stream, so that small
perturbations in the stream were replicated in silicone oligomer
polymerized around the stream.
Fig. 3 shows the variation in the diameter of the circular
microchannel and the corresponding change in the cross-sectional
area of the microchannel, both plotted as a function of the pressure
of N2. With decreasing PN2 the diameter of the channel gradually
reduced, and the smallest diameter of 39 mm was obtained at PN2 ¼
5 psi. The variation in the cross-sectional area of the microchannel,
characterized as the ratio, S/S0, between the cross-sectional areas of
the circular microchannel and the original square microchannel,
respectively, is shown in Fig. 3B With increasing PN2, the crosssectional area of the circular microchannels featured a linear
increase.

increased from 10 to 50 wt.%, the diameter of the circular crosssection of the microchannel decreased from 100 to 39 mm. The
cross-sectional area of the microchannel showed a linear
decrease with increasing concentration of silicone oligomers
(Fig. 4B).
Using C < 10 wt.% did not allow the transformation of rectangular channels into the circular ones: the cross-section had
a rounded square shape. For CP > 50 wt.% the solution of silicone
oligomer in hexanes had high viscosity and the circular channels
had a varying value of Dm. This effect occurred due to the distribution of velocities of the liquid across the channel: the velocity of
the ﬂuid was the greatest at the center of the microchannel and
exponentially decreased towards zero at the side wall where a layer
of static ﬂuid existed. In a binary ﬂuid system used in our work,
a higher viscosity of the outer liquid phase led to the increased
thickness of the static layer, since the velocity proﬁle of the inner
phase experienced a steeper exponential decay close to the side
wall of the channel.

3.2. Variation in microchannel diameter with varying concentration
of silicone oligomer
In the next step, we examined the effect of the concentration
of silicone oligomer in the solution in hexanes on the variation of
the diameter of circular microchannel. Fig. 4A shows that as CP

Fig. 3. Variation in the diameter, Dm, of the circular channel (A) and the respective
cross-sectional area (S/S0) of the circular channel (B), both plotted as a function of
nitrogen pressure CP ¼ 50 wt.%.
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was tested on microchannels with a change in microchannel
geometry. A 100  115 mm microchannel with a 60 mm-wide
constriction (shown in Fig. 5A) was modiﬁed to transform its square
cross-section into a circular cross-section. The bright ﬁeld images of
the microchannel prior to and after modiﬁcation are shown in Fig. 5
A and B, respectively, with the corresponding images of the crosssections of the channel-at-large and in the constriction, shown in
Fig. 5A0 , B0 and Fig. 5A00 , B00 , respectively. The ﬂuorescence optical
microscopy image of the cylindrical microchannel with a constriction ﬁlled with an aqueous solution of rhodamine ﬂuorescent dye is
shown in Fig. 5C. Following the modiﬁcation, both the crosssections of the channel-at-large and that of the constriction became
circular, however the geometry of the channel was preserved. The
constriction diameter became 57  5 mm, whereas the diameter of
the modiﬁed microchannel was 99  3 mm upstream of the
constriction and 97  3 mm downstream of the constriction. We
note that comparison of Fig. 5A00 and B00 indicates that the method
described in the present work can be used to create microchannels
with a symmetric circular opening from the channels with asymmetric cross-sections.

4. Endothelialization of circular PDMS microchannels

Fig. 4. Variation in the diameter, Dm, of the circular channel (A) and the resulting
cross-sectional area of the circular channel (B), both plotted as a function of concentration of PDMS in hexanes (CP), from 10 to 50 wt.%, using 5 psi nitrogen pressure.

3.3. Modiﬁcation of PDMS microchannels with constrictions
To explore the ability to modify the cross-sections of microchannels with complex geometries, the procedure described above

PDMS microchannels with a circular cross-section were
coated with adherent endothelial cells to mimic a small diameter
blood vessel. To ensure that cells were attached to the entire
circumference of the cross-section of the microchannel, the
microﬂuidic device was rotated during 4 h-long cell seeding, as
described in the Experimental section. Fig. 6A and B shows phase
contrast and ﬂuorescent images of the cells attached to the
surface of the microchannels. Adhesion of PAECs around the
entire microchannel circumference was conﬁrmed by sectioning
the channel and observing PAEC nuclei by ﬂuorescent microscopy
(Fig. 6C).

Fig. 5. (A) An unmodiﬁed microchannel ﬁlled with air and its cross-sections in the channel-at-large (A0 ) and in the constriction (A00 ). (B) A modiﬁed microchannel ﬁlled with air and
its cross-sections in the channel-at-large (B0 ) and in the constriction (B00 ). Dashed lined indicate where the channel was cut to get cross-section images. A modiﬁed microchannel
ﬁlled with rhodamine solution and captured using ﬂuorescence mode (C). The scale bar in A, B, and C is 150 mm. The scale bar in A0 , A00 , B0 , and B00 is 60 mm.
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5. Conclusions
We have demonstrated a method for producing microﬂuidic
channels mimicking a blood vessel in the micro-cardiovascular
system. We show that we can controllably generate microchannels
with a circular cross-section, with the diameter controlled by the
pressure of the N2 stream and the concentration of silicone oligomers in the solution introduced in the microchannel. The method is
applicable for the modiﬁcation of topographically patterned
microchannels. The modiﬁed microchannels can be further modiﬁed with endothelial cells to better mimic in vivo systems for cell
ﬂow studies. In addition, we expect that the proposed method can
be adapted to the solutions of biolopymers, which will gel around
a template gas stream and form cylindrical cell scaffolds for
creating artiﬁcial blood vessels in vitro.
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wall. (C) Channel cross-section showing cell nuclei around the entire circumference.
Scale bars are 200 mm.
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