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Abstract Hydrostatic pressure can affect the structure and
function of endothelial cells (ECs). A microfluidic system was
built to study how ECs respond to applied pressure. The system
included a syringe pump, a PDMS-glass microfluidic chip, and
a digital manometer for pressure monitoring. The manometer
was connected with the chip in two ways (one was before the
inlet and the other after the outlet of the microchannel). The
static control and flowing control systems were also set up.
Human umbilical vein endothelial cells (HUVECs) were cul-
tured in the 4 cm x 2 mm x 100 pm channel. Pressure of
12 + 0.50r 18 + 0.5 kPa was applied on the cells for 8 h. The
F-actin cytoskeleton and the nuclei of the cells were stained for
examination and endothelin-1 (ET-1) released from the cells in
the channel was assayed by ELISA. The results showed that the
cell area and ET-1 concentration increased with the pressure
and a higher pressure caused more damages to the cells. This
microfluidic system provides a convenient and cost-effective
platform for the studies of cell response to pressure.
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1 Introduction

Endothelial cells (ECs) are oblong-shaped cells which line
the inner surface of all blood vessels as a single squamous
epithelial cell layer. It has been found that ECs are con-
cerned with a number of disease processes. For example,
hypertension (i.e., high blood pressure) is associated with
functional and morphological alterations of endothelium,
which disturbs delicate balance of endothelium-derived
factors resulting in endothelial dysfunction (Sainani and
Maru 2004). Hemodynamic forces are the most physio-
logically relevant determinants for the continuous activa-
tion of ECs. These stimuli can alter EC morphology and
initiate cytoskeletal changes and the release of various
vasoactive substances. Hemodynamic forces can be
resolved into two principal vectors—shear stress and
pressure (Davies et al. 1997). Shear stress is exerted along
the same direction as flow of solution. The effect of shear
stress on ECs has been investigated extensively, which is
usually studied in vitro by subjecting ECs to shear stress in
parallel plate flow chambers (Eskin et al. 1984; Diamond
et al. 1989; Levesque et al. 1990; Gallik et al. 1989),
prefabricated glass microcapillary tubes (“microslides”)
(Cooke et al. 1993) or rotary-disk shear-loading devices
(Ono et al. 1991). Pressure is exerted radially at right
angles to the axis of flow and imposes circumferential
stretch on the vessel wall. The effect of pressure on ECs
has been studied in vitro by culturing cells in a pressure-
loading apparatus where pressure can be regulated (His-
hikawa et al. 1995; Muller-Marschhausen et al. 2008;
Tokunaga and Watanabe 1987; Schwartz et al. 1999).

@ Springer



1090

Microfluid Nanofluid (2014) 16:1089-1096

Microfluidic devices offer a number of distinct advanta-
ges over traditional research platforms for cell culturing,
manipulation, and analysis (El-Ali et al. 2006). In recent
years, the microfluidic technology has been adapted for
vascular and ECs research (van der Meer et al. 2009). The
growing environment of ECs in microfluidic devices is clo-
ser to the in vivo conditions than well plates. ECs have been
cultured in microchannels and subjected to physiological
levels of shear stress in multiple parallel channels (Song et al.
2005). A microfluidic device that allows for real-time
tracking of ECs that are subjected to shear stress has also
been designed (Tkachenko et al. 2009). These microfluidic
systems were used to study EC response to shear stress. A
microfluidic EC culture model has been fabricated to culture
ECs under in vivo-like pressure, flow, strain, and shear stress
waveforms (Estrada et al. 2011). This system needed pump,
valve, and sensors for generation of physiological pressure,
stretch, and shear waveforms.

In this paper, we used an easy-to-fabricate-and-assemble
microfluidic system to study EC response to pressure. A
microfluidic-based cell research and pressure-loading sys-
tem was developed. The system includes a syringe pump
for medium perfusion and pressure generation, a micro-
fluidic chip for cell culture, a digital manometer for pres-
sure monitor, and some joints and tubes. Human umbilical
vein endothelial cells (HUVECSs) were cultured on the chip.
Atmosphere pressure (control), 12 kPa (medium pressure)
and 18 kPa (high pressure) were exerted on the cells in the
channel, respectively. The manometer was connected into
the system in two ways, one was before the inlet of the
channel, and the other was after the outlet of the channel.
The static control and flowing control systems were also set
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up. The F-actin cytoskeleton and the nucleus of the ECs
were stained after 8 h perfusion. Cell sizes were measured
by using fluorescent staining images and image processing
software. To further evaluate the injury of the ECs in the
channels in different experimental conditions, the releases
of endothelin-1 (ET-1) (Yanagisawa et al. 1988) by the
cells were assayed.

2 Materials and methods
2.1 Design and fabrication of the microfluidic chip

A straight channel with a length of 4 cm, width of 2 mm,
and height of 100 um was used in this paper. The micro-
channel structure was fabricated in PDMS (Sylgard 184,
Dow Corning, USA) by rapid prototyping and replica
molding techniques (Duffy et al. 1998). Briefly, the nega-
tive relief of PDMS was formed by curing the prepolymer
(Sylgard 184, Dow Corning, USA) on a silanized Si master
having a positive relief of the channels formed in photo-
resist (SU-8 2075, MicroChem, USA) on its surface. Inlets
were drilled using a blunted and beveled syringe needle.
Finally, an oxygen plasma treatment was performed by a
plasma cleaner (PDC-32G, Harrick Scientific Products,
Inc.) to bonding the PDMS replica to a clean glass slide, to
form a complete microfluidic chip.

2.2 Experimental setup

The system includes a syringe pump (KDS200, KD Sci-
entific, USA) and a syringe, a microfluidic chip, a digital

Fig. 1 Schematic diagrams of the experimental setup. a T-type connection and b I-type connection

Fig. 2 Photos of the microfluidic chip-based pressure experimental systems. a T-type connection and b I-type connection. The dimensions of the

straight channel are 4 cm long, 2 mm wide, and 100 pm high
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manometer (M382, As-one, Japan), and some joints and
tubes (inner diameter x external diameter: 1 x 2 mm and
3 x 5 mm). The schematic diagrams of the two types of
connection used in this study were shown in Fig. 1; one was
called T-type connection system (Fig. la) and the other
called I-type connection system (Fig. 1b). Cells could be
cultured in the microchannel. The syringe mounted on the
syringe pump was connected to the inlet of the chip. In the
T-type connection system, the probe of the manometer was
connected in the inlet tube before the input of the micro-
channel by using a T-joint (1.5 mm x 2 < 3.0 mm, ISIS
Co., Ltd.) and there was a clamp on the outlet tube to stop
medium flowing through the channel. The medium in the
syringe could be perfused to the tube of the manometer probe
to generate pressure. In the I-type connection system, the
probe of the manometer was directly connected to the outlet
tube. The medium which flow to the probe should flow
through the channel. The photos of the microfluidic chip-
based pressure experimental systems were shown in Fig. 2.

2.3 Cell culture

Prior to cell seeding, all the chips, tubes, and joints were
autoclaved for 20 min at 121 °C. Next, a 50 pg/mL human
fibronectin (HFN, Millipore) solution was injected into the
channels using a 1 mL syringe to promote cell adhesion.
Leave the chips for 1 hata37 °C incubator and then remove
the HEN solution using the syringe. Finally, the chips were
dried in the clear hood at room temperature (RT).

HUVECs, endothelial cell medium, trypsin/EDTA
solution, and trypsin neutralization solution were pur-
chased from ScienCell (San Diego, CA, USA). The cells
were cultured in T-25 culture flasks (Corning, USA) treated
with a 10 ng/mL HFN solution. Cells were removed from
the flasks with trypsin/EDTA solution when about 80 %
confluent and then resuspended in endothelial cell medium.
The number of cells was adjusted to about 5 x 10%mL.
Thereafter, the cell suspension was carefully injected into
the channels and the chips were incubated at 37 °C with
5 % CO,. After the cells adhered to the glass surface, the
medium was replaced every 12 h. Cells were inspected and
recorded by a microscope (Ti-s, Nikon, Japan) and a CCD
camera (Ds-Ril, Nikon, Japan). Cells were used between
passages 3 and 6.

2.4 Pressure experiment procedure

Cells were ready for pressure experiments when they
attained 70-80 % confluence. The medium were replaced
before the pressure experiments. Then, 6 mL medium were
loaded in a 10 mL syringe. The syringe, tubes, joints, chip,
and the manometer were connected as shown in Figs. 1 and 2,
and the outlet tube was clamped for the T-type system. The

chip was placed in the incubator at 37 °C with 5 % CO,,
and the pump and the manometer were left outside the
incubator. The flow rate of the pump was set at 30-50 pL/
min, and the manometer was monitored until the pressure
was increased to 12 or 18 kPa. Then, the pump was
adjusted to a smaller flow rate (5-10 pL/min) to stabilize
the pressure at 12 + 0.5 or 18 &+ 0.5 kPa for 8 h. After
8 h, the pump was stopped and the medium in the channel
and the tubes was collected (about 5 mL).

The static control and flowing control channels were
also set up. In the case of the static control, the chip with
HUVECs was placed in the incubator, with medium change
and collection at the same time as other chips. In the case
of the flowing control, the pump, tubes, and the chip were
connected as shown in Fig. 1b and an empty reservoir was
connected at the outlet of the channel instead of the
manometer for medium collection. The flow rate of the
pump was set at 10 pL/min, and medium was kept flowing
for 8 h. Then, the medium in the tubes, channel, and the
reservoir were collected (about 5 mL). The medium were
centrifuged and the supernatants were dispensed into EP
tubes and then stored at —20 °C for ET-1 assay. The cells
in the channel could be used for actin filament and nuclear
staining or kept on culturing for measuring the ET-1
release after pressure experiments.

2.5 Actin filament and nuclear staining

After exposure to pressure and flow for 8 h, HUVECs in
the channels were stained for actin filaments and nuclei
with Alexa Fluor 488 phalloidin (Invitrogen, Carlsbad, CA,
USA) and 4',6-diamidino-2-phenylindole (DAPI, Invitro-
gen), respectively. First, cells were gently washed twice
with Dulbecco’s PBS and then fixed with 3.7 % parafor-
maldehyde solution (Sigma-Aldrich) in PBS for 10 min at
RT and washed twice with PBS. Then, the cells were
permeabilized with 0.1 % Triton X-100 (Sigma-Aldrich) in
PBS solution. Actin filaments were stained with Alexa
Fluor 488 phalloidin in PBS (1:40) including 1 % bovine
serum albumin (Sigma-Aldrich). Subsequently, the chips
were placed in dark for 20 min at RT and then washed
twice with PBS. During the nuclear staining stage, the
DAPI stock solution was diluted into PBS (1:300) to make
a 0.2 pg/mL (600 nM) solution. Infuse the 600 nM solu-
tion into the channels and place the chips for 2 min. Wash
two or more times with PBS. Fluorescence images were
recorded by a microscope (Ti-s, Nikon, Japan) and a CCD
camera (Ds-Ril, Nikon, Japan).

2.6 Cell size measurement

Cell size was estimated by using fluorescent staining
images (40x magnification) and image processing
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software. The cell boundaries were distinguished and
mapped from the actin filaments staining image to obtain
the total cell area in an image. The average cell size was
evaluated by measuring the total cell area and divided it by
the number of cell nucleus in the nuclear staining image of
the same microscopic field. Measurements were made of
five sets of randomly captured images in each experimental
condition, and the areas were averaged. Results represent
as the mean £ SD values in the text and figures. Student’s
t test (p value < 0.05) was used to determine statistical
significance.

2.7 Assay of ET-1

After collecting the medium during the pressure experi-
ments, the chips were placed in the incubator at 37 °C with
5 % CO,. After 16 h, the medium in the channels were
collected from the outlet tubes by adding fresh medium
from the inlet tubes. Then, we centrifuged the medium and
dispensed the supernatant into EP tubes, followed by
storing them at —20 °C for ET-1 assay.

Cell culture supernatant was collected from several
independent experiments, with more than three channels per
each experimental condition. The quantitative determina-
tion of ET-1 concentrations in these samples was performed

by using an ELISA-based commercial assay kit (Human
Endothelin-1 Immunoassay kit QETO0B, R&D systems). A
microplate reader (Genios plus, Tecan) was used to measure
the intensity of light emitted in relative light units (RLU).
The standard curve was generated by using logistic fit of the
data, with concentrations on the x-axis and RLU values on
the y-axis. The concentration from RLU for each sample was
determined using the standard curve. Curve fitting, concen-
tration values, and graphs were prepared using software
OriginPro 8 (OriginLab, Northampton, MA). All the
experiments were carried out more than three times. The data
are expressed as the mean £ SD values in the text and fig-
ures. Student’s ¢ test (p value < 0.05) was used to determine
statistical significance.

3 Results
3.1 HUVEC:s on the chip

The results of cell culture in channels were shown in Fig. 3.
Cells were dispersed with pipettes until they were separated,
and injected immediately into the channels to produce a
well-proportioned distribution. Cells were ready for the pres-
sure experiment when they attained 70-80 % confluence

Fig. 3 Images of the HUVECs in the channel, a and b before the pressure experiment, ¢ after experiment and d 16 h after the pressure
experiment. The objective magnifications were a x4 and b—d x10. The channel width is 2 mm
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(Figs. 3a and b). Cells in the channel were recorded 0 h
(Fig. 3c) and 16 h after the pressure experiment (Fig. 3d),
respectively.

3.2 Image staining and cell size measurement

HUVECsS cultured in the channel which was connected to
T-type or I-type system were maintained in culture for 8 h
under 12 £ 0.5 or 18 %+ 0.5 kPa pressure and compared to
the static and flowing control (10 pL/min, 8 h). Following
the pressure experiment, the actin filament (F-actin) and
nuclear of the HUVECs were stained and recorded using
fluorescence microscopy. The F-actin and nuclear fluores-
cence images of each experimental condition obtained at
40 x objective magnification were overlaid and shown in
Fig. 4. HUVECs cultured in the flowing control system
(Fig. 4d) exhibited an aligned ellipsoidal phenotype in
comparison with that in static control channel (Fig. 4a), in

Fig. 4 F-actin and nuclear
staining images of the HUVECs
in the channels after 8 h
experiment, a static control,

b T-type 12 kPa, ¢ T-type

18 kPa, d flowing control, e
I-type 12 kPa and f I-type

18 kPa. The objective
magnification was x40

which cells were randomly oriented and polygonal in shape.
The directions of the actin filament of the cells cultured in the
T-type system under 12 kPa (Fig. 4b) were relative disorder
than that of the cells cultured in the I-type system under
12 kPa (Fig. 4e). Cultured in the T-type and I-type system
under 18 kPa for 8 h (Fig. 4c and f), most of the cytoskele-
tons collapsed and the actin filament bundles disappeared.
Moreover, the distance between the cells under control and
the pressure of 12 kPa is larger than that of 18 kPa.

The cell morphologies were also evaluated after pres-
sure treatment. The average cell areas of each condition
were shown in Fig. 5. It was found that the cell area
increased with pressure increase (T-type 18 kPa > T-type
12 kPa > static ~ control,  I-type 18 kPa > T-type
12 kPa > flowing control). Significant difference was
observed between control and 18 kPa, whereas no signifi-
cant difference was observed between 12 kPa and 18 kPa
or control and 12 kPa. Moreover, the cell areas under flow
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Fig. 5 The average cell area for each condition

were found to be larger than that without flow under the
same pressure (I-type 18 kPa > T-type 18 kPa, I-type
12 kPa > T-type 12 kPa, and flowing control > static
control), and significant differences were observed between
the two conditions of these three groups (p < 0.05).

3.3 ET-1 production from HUVECs

ET-1 is a potent vasoconstrictor. ET-1 may participate in
vascular damage in cardiovascular diseases and in blood
pressure elevation in experimental models and in human
hypertension (Schiffrin 2001; Iglarz and Schiffrin 2003).
Hypertensive subjects display significantly higher plasma
levels of ET-1 than normotensives (Shichiri et al. 1990).
After the application of pressure for 8 h in our experiment,
the medium in the tubes, channel, and the reservoir were
collected for ET-1 assay. The results were shown in Fig. 6.
It was found that the ET-1 concentration was increased
with the pressure increase (T-type 18 kPa > T-type
12 kPa > static ~ control,  I-type 18 kPa > T-type
12 kPa > flowing control). Significant difference was
observed between control and 18 kPa, whereas no signifi-
cant difference could be seen between 12 kPa and 18 kPa
or control and 12 kPa (p < 0.05). Moreover, the ET-1
concentrations under flow were found to be much larger
than those without flow under the same pressure (I-type
18 kPa > T-type 18 kPa, I-type 12 kPa > T-type 12 kPa,
and flowing control > static control).

After the pressure experiments, the cells were further
cultured for 16 h and the ET-1 release during the 16 h was
shown in Fig. 7. The ET-1 concentrations released from the
cells in channels under flow for 8 h were higher than those of
the cells without flow (I-type > T-type, flowing con-
trol > static control) with significant differences observed
(p < 0.05). Moreover, the ET-1 concentration from the cells
under 18 kPa was higher than 12 kPa and control. Signifi-
cant difference was observed between flowing control and
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Fig. 6 ET-1 production from HUVECs during the experiments

I-type 18 kPa, whereas no significant difference was
observed between 12 kPa and 18 kPa or control and 12 kPa,
or among T-type 18 kPa, 12 kPa, and static control.

4 Discussion

ECs are exposed to several mechanical forces in vivo,
including fluid shear, substrate tension, and hydrostatic
pressure. Exposure of ECs in vitro to these mechanical
forces also affects cell morphology and function. Many
experiments have been achieved in the past for studying
cell behavior under flow, a popular way to applying shear
stresses to adhering cells. Microfluidic perfusion systems
have more defined flow characteristics that consume min-
ute amount of reagents and are amenable to multiplexing.
Therefore, EC biology, including polarization, migration,
cytotoxicity, chemotaxis, and directional angiogenesis,
were often investigated on perfusion systems (Shamloo
et al. 2008; Barkefors et al. 2009). Unlike shear stress,
relatively few microfluidic systems have focused on the
direct effects of hydrostatic pressure on EC structure and
function. However, evaluation of pressure on ECs in vitro
shows that increased pressure results in EC proliferation,
morphologic changes, and enhanced ET-1 release (Sumpio
et al. 1994; Hishikawa et al. 1995). In this study, we report
the design and validation of a simple microfluidic perfusion
system capable of producing hydrostatic pressure on cells,
and the pressure can be monitored by a manometer. This
system is easy to set up and could provide various pieces of
information with reduced consumption of cells and med-
ium. The medium in the channel could be collected for the
test of cell secretion; the cells in the channel could be
stained for the investigation of morphology or removed
from the channel and collected for other assays.

Under the same manometer pressure, the cell area and
ET-1 concentration in I-type system were both larger than
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that in T-type system. To explain these phenomena, the
shear stresses in both systems were estimated. The average
shear stress of the monolayer cells in the microchannel
(t: N/em?) was determined by the following formula:
T = 6uQ/wh2, where L is fluid viscosity (10_7 N s/cmz,
approximate value), Q is flow rate (mL/s), w is channel
width (0.2 cm), and h is channel height (0.01 cm). In the
T-type system, the manometer was connected before the
inlet of the chip and the outlet tube was clamped. There-
fore, medium were perfused to the tube of the manometer
probe instead of flowing through the channel where cells
were cultured. In comparison, the manometer was directly
connected to the outlet tube in the I-type system, and the
medium flowing to the manometer should also flow
through  the channel.  Therefore, Qr.type = Ostatic
control = 0, Ql—type = Qﬂowing control = 3 mL/8 h = 1.736
x 107* cm’/s, and thus, TT-type = Tstatic
Tiiype = Thowing conrol = 0.521 dyn/cm®. The cells in the
I-type and the flowing control system sustained higher
shear stress than in the T-type and the static control system.

The channel dimension used in this paper is
4 cm x 2 mm x 100 um. The equivalent diameter d of
the channel is about 190 pm (d = 4A/L = 4 x wxh/
2(w + h), where A is cross-sectional area and L is perim-
eter). The common dimension of blood vessels is from a
diameter of about 25 mm in the aorta to only 8 pm in the
capillaries. More specifically, the diameter of human pial
arteries is from 200 to 1,200 pum (Thorin-Trescases et al.
1997), muscular arteries-distributing arteries from 0.3 to
1.0 cm, arterioles from 10 pm to 0.3 cm, and venules from
8 to 100 pm (http://www.rci.rutgers.edu/ ~uzwiak/
AnatPhys/Blood_Vessels.html). The channel used in this
paper could mimic those vessels. Moreover, it is easy to
fabricate microchannel of different dimensions to mimic
different vessels. Narrow channels (<225 pum) could
influence ECs’ morphology, on the contrary, cells in
225-pm-wide microchannels have the same shape index as
control cells cultured on plain collagen-coated plastic
slides (Gray et al. 2002). In the T-type system, Q and 7 are
zero. The channel dimension has minimal influence with
the ECs function and pressure. In the I-type system, if w
and/or h are changed, T will changed. After the 8 h pressure
experiment, the cellular morphology, cell area, and ET-1
concentration might be changed mainly due to the influ-
ences of different shear stresses.

Normal blood pressure at rest is within the range of
100-140 mmHg systolic (top reading) and 60-90 mmHg
diastolic (bottom reading). High blood pressure is said to
be present if it is persistently at or above 140/90 mmHg
(18.6/12.0 kPa) (Cutler et al. 2008). The present study also
provided evidence that high pressure (18 kPa) could cause
more damages to cells than medium pressure (12 kPa) and

control = 0,

1095
16 -
14F
£ ppf
oD
&
= 10
2
g sl
=
b}
g 6f
1)
o
I
=
m
2_
0
Static  T-type T-type Flowing I-type I-type
control 12kPa 18kPa control 12kPa 18 kPa

Fig. 7 ET-1 production from HUVECs, 16 h after the experiments

atmosphere pressure (control), and these effects could last
for a period of time after the pressure was removed,
especially with the existence of solution flow. Cell area and
ET-1 concentration increased with the pressure increase in
both T-type and I-type connection system after the 8 h
pressure-loading experiments. Then, the medium in the
microchannels were changed. The ET-1 concentrations of
the fresh medium of the 18 kPa channel were still higher
than 12 kPa and control during the 16 h after the pressure-
loading experiments (Fig. 7), especially with the effect of
shear stress in the I-type system.

5 Conclusions

In summary, we have established a microfluidic-based cell
research and pressure monitoring system. The system is
easy to assemble, which includes a syringe pump, a
microfluidic chip, and a digital manometer. HUVECs were
cultured on the chip. The manometer was used to monitor
the pressure and could be connected in two modes, i.e.,
before the inlet of the channel (T-type connection) or after
the outlet of the channel (I-type connection). After 8 h
perfusion, the staining results of F-actin cytoskeleton and
the nucleus of the ECs and the releases of ET-1 by the
cells in the channel showed obvious differences between
T-type connection, I-type connection, flowing control, and
static control systems. High pressure caused more serious
injury to the cells than medium pressure and atmosphere
pressure. This study used HUVECs and two typical
pressure values—12 and 18 kPa; nevertheless, the method
proposed here is flexible and can be used for other cells
under different pressures. This work demonstrates that this
microfluidic system provides a convenient and cost-
effective platform for the study of cell response to
pressure.
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