
Effects of shear stress cultivation on cell membrane disruption
and intracellular calcium concentration in sonoporation of
endothelial cells

Juyoung Park, Zhenzhen Fan, and Cheri X. Deng*

Department of Biomedical Engineering, University of Michigan, Ann Arbor, Michigan, USA

Abstract
Microbubble facilitated ultrasound (US) application can enhance intracellular delivery of drugs
and genes in endothelial cells cultured in static condition by transiently disrupting the cell
membrane, or sonoporation. However, endothelial cells in vivo that are constantly exposed to
blood flow may exhibit different sonoporation characteristics. This study investigates the effects
of shear stress cultivation on sonoporation of endothelial cells in terms of membrane disruption
and changes in the intracellular calcium concentration ([Ca2+]i). Sonoporation experiments were
conducted using murine brain microvascular endothelial (bEnd.3) cells and human umbilical vein
endothelial cells (HUVECs) cultured under static or shear stress (5 dyne/cm2 for 5 days) condition
in a microchannel environment. The cells were exposed to a short US tone burst (1.25 MHz, 8 μs
duration, 0.24 MPa) in the presence of Definity™ microbubbles to facilitate sonoporation.
Membrane disruption was assessed by propidium iodide (PI) and changes in [Ca2+]i measured by
fura-2AM. Results from this study show that shear stress cultivation significantly reduced the
impact of ultrasound-driven microbubbles activities on endothelial cells. Cells cultured under
shear stress condition exhibited much lower percentage with membrane disruption and changes in
[Ca2+]i compared to statically cultured cells. The maximum increases of PI uptake and [Ca2+]i
were also significantly lower in the shear stress cultured cells. In addition, the extent of [Ca2+]i
waves in shear cultured HUVECs was reduced compared to the statically cultured cells.
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1. Introduction
A gas-filled microbubble undergoes rapid cyclic volume changes and collapse, responding
to the oscillatory positive and negative pressures of an ultrasound (US) field. Such
microbubble dynamic activities generate local fluid microstreaming, shear stress, and high
speed fluid micro-jet that can exert significant mechanical impact to a nearby cell (Ohl et al.,
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2006; Postema et al., 2004; Prentice et al., 2005; van Wamel et al., 2006; VanBavel, 2007;
Wu, 2007), leading to disruption of the cell membrane, or sonoporation. Sonoporation
effectively increases the cell membrane permeability, thereby allowing transport of
impermeable therapeutic agents into the cells (Fan et al., 2010; Kudo et al., 2009; Mayer et
al., 2008; van Wamel et al., 2006).

Endothelial cells lining the inside of the blood vessel walls are targets for treating many
vascular diseases. In vitro studies using statically cultured endothelial cells have shown the
feasibility of sonoporation as a promising non-viral strategy to deliver drugs and genes into
these cells (Kudo et al., 2009; Lionetti et al., 2009; van Wamel et al., 2006). Bioeffects
including the spatiotemporal changes of intracellular calcium concentration ([Ca2+]i), or
calcium transients, are also generated in sonoporation (Fan et al., 2010; Juffermans et al.,
2006; Kumon et al., 2009; Kumon et al., 2007; Tsukamoto et al., 2008). Such downstream
effects could have significant implications because the important roles [Ca2+]i play in
various endothelial physiology and functions. For example, regulation of [Ca2+]i is involved
in the disruption of endothelial cell tight junctions and the blood brain barrier permeability
(Abbott, 1998; Bradbury, 1993; Brown and Davis, 2002; Hariri, 1994; Olesen, 1989).
Increased [Ca2+]i is also recognized to activate rapid and prolonged endocytosis (Eliasson et
al., 1996; MacDonald et al., 2005) as well as endothelial nitric oxide synthase, which may
cause vasodilatation in vivo (VanBavel, 2007).

To better recognize the relevance of in vitro results, it is important to note that endothelial
cells in vivo are exposed to blood flow and their properties are greatly influenced by the
hemodynamic effects (Garcia-Cardena et al., 2001). Shear stress on endothelial cells induces
extended F-actin stress fibers formation in the direction of flow (Girard and Nerem, 1995;
Langille et al., 1991; Malek and Izumo, 1996) and causes cell flattening (Barbee et al.,
1994). Shear stress also alters gene expression (Morita et al., 1993), stimulates cell adhesion
to the substratum (Dardik et al., 1999), and generates dramatic increase in cytoplamsic
viscosity and cell membrane rigidity (Lee et al., 2006). These biomechanical adaptation may
greatly influence how in vivo endothelial cells respond to additional physical or mechanical
impacts generated by US-driven microbubble activities in sonoporation (Ohl et al., 2006;
Postema et al., 2004; Prentice et al., 2005; van Wamel et al., 2006; VanBavel, 2007; Wu,
2007).

Hence the goal of this study is to investigate the effects of shear stress cultivation on
sonoporation using representative endothelial cell lines in terms of membrane disruption and
[Ca2+]i dynamics.

2. Materials and methods
bEnd.3 cells (American Type Culture Collection, Manassas, VA, USA), an immortalized
mouse cell line generated from brain capillary endothelial cells (Montesano et al., 1990)
(within the passage 24–32), were grown in the culture medium of Dulbecco's modified
Eagle's medium (DMEM; Gibco Invitrogen, Carlsbad, CA, USA) high glucose with 4.5 g/L
D-glucose, L-glutamine and 110 mg/L sodium pyruvate, 10% fetal bovine serum (FBS), 100
U/mL penicillin, and 100 μg/mL streptomycin. HUVECs (Lonza, Walkersville, MD, USA)
(passage of 2–7) were cultured in endothelial basal media (EBM-2; Lonza, Walkersville,
MD, USA) supplemented with growth factors (EGM-2 SingleQuot Kits; Lonza,
Walkersville, MD, USA). Cells were maintained in a humidified cell culture incubator at
37°C and 5% CO2/95% air.

The cells were seeded in the inner-upper surface of a microchannel (μ-Slide I0.4 Luer; Ibidi
GmbH, Munich, Germany). The microchannel has an inner width (b) of 5mm, height (h) of
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0.4mm, and length of 50mm. The overall height of the microchannel is 2mm and the
thickness of the upper wall is 1.42mm. (The wall is made of a polyethylene derivative with a
density of 0.93 g/cm3 and a speed of sound 1950 m/s.) For static cultivation in the
microchannel, cells were cultivated in a humidified cell culture incubator at 37°C and 5%
CO2/95% air and the culture medium was exchanged twice a day with fresh culture medium.
The cells were cultivated for 5 days (37°C, 5% CO2) to achieve 85% cell confluency before
sonoporation experiment. Cultivation with shear stress was achieved using the set up shown
in Fig. 1A. The microchannel was connected to a speed-controllable peristaltic pump (Cole-
Parmer, Vernon Hills, IL, USA) with gas-permeable, platinum-cured silicone tubes (US
Plastic Corp, Lima, OH, USA). A bubble trap was used to remove any bubbles in the
circulating medium. The setup (Fig. 1A) was kept inside a temperature-controlled, water-
jacketed CO2 incubator. Fully developed laminar flow of complete culture medium
(volumetric flow rate Q (ml/s)) was established in the microchannel to generate shear stress.
The culture medium was exchanged twice a day with fresh culture medium. Cells within the
microchannel were first subjected to 0.5 dyne/cm2 for 4 hr and then 5 dyne/cm2 (τ = 6ηQ/
b2h) for 5 days, simulating the in vivo shear stress condition in the veins and brain
microvasculature (Desai et al., 2002). The viscosity (η) of the complete culture medium at
37°C for bEnd.3 cells was 0.00726 dyne·s/cm2 and 0.00689 dyne·s/cm2 for the medium for
HUVECs, measured using a Schott Gerate viscometer (SI Analytics GmbH, Mainz,
Germany).

For sonoporation experiment, the microchannel with seeded-cells under cultivation of flow
or without flow was placed on a 37°C heating stage of an inverted microscope (Eclipse Ti-
U, Nikon, Melville, NY, USA) (Fig. 1B). A planar US transducer (0.635 cm diameter, 1.25
MHz, Advanced Devices, Wakefield, MA, USA) driven by a function generator (33250A,
Agilent Technologies, Palo Alto, CA, USA) and a 75 W power amplifier (75A250,
Amplifier Research, Souderton, PA, USA) was used to generate US pulses. The transducer
was calibrated in free field using a 40 μm calibrated needle hydrophone (HPM04/1,
Precision Acoustics, Dorchester, UK). To minimize effects of reflection from interfaces of
microchannel and water, short pulses (10 cycles) were used and the transducer was
positioned at an angle of 45° with its active surface submerged in water ~ 7 mm (Rayleigh
distance of the transducer) from the cells (inset in Fig. 1B). The spatial peak temporal peak
negative pressure of 0.24MPa was used in our experiments. Since the acoustic impedance of
the microchannel material (~1.78 × 106 Ns/m-3) is close to that of water (1.48 × 106 Ns/
m-3), the effects of reflection and attenuation by the thin polyethylene derivative (~1.4mm)
of microchannel is ignored (the pressure drop by the layer microchannel material is
estimated to be less than 2%).To measure the [Ca2+]i, the cells were loaded with fura-2AM
(Invitrogen, Carlsbad, CA, USA) before experiments. Complete culture medium (37°C)
containing 5 μM fura-2AM dissolved in DMSO and 0.05% v/v of 10% w/v Pluronic F-127
(Invitrogen, Carlsbad, CA, USA) was added into the microchannel and incubated for 60
min. Excess dye was removed by washing the cells three times with Dulbecco's Phosphate-
Buffered Saline solution (DPBS; 14040, Gibco Invitrogen, Carlsbad, CA, USA). The
intercalating agent propidium iodide (PI) (Sigma Aldrich, St. Louis, MO, USA) was added
before US application.

As described previously (Fan et al., 2010), dynamic multi-wavelength fluorescence imaging
was performed to measure PI fluorescence and [Ca2+]i concurrently using a cooled CCD
camera (Photometrics QuantEM, Tucson, AZ, USA), a monochromator (DeltaRAM X™,
PTI, Birmingham, NJ, USA) with 5 nm bandpass, which repeatedly filters light from a 75 W
xenon lamp at 340, 380nm and 539nm, and a polychroic filter (73000v2, Chroma,
Rockingham, VT, USA) for green and red. PI uptake in the cells was indicated by the
increase of fluorescence at 610 nm (with 539 nm excitation). [Ca2+]i values were obtained
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from the ratio of the respective emission (510 nm) fluorescence intensities from 340 nm and
380 nm excitation (Grynkiewicz et al., 1985).

Definity™ microbubbles (Lantheus Medical Imaging, Billerca, MA, USA) (C3F8 gas core
with a phospholipid shell, diameter 1.1 μm–3.3 μm) were used to provide a controllable
agent to facilitate sonoporation. A high-speed camera (Fastcam SA1, Photron, San Diego,
CA, USA) was used to capture US-driven microbubble activities (Fig. 1B).

As indicated in Fig. 1C, Definity™ (106 microbubbles/ml) and 120 μM PI in DPBS
(extracellular calcium concentration, [Ca2+]o = 0.9 mM) were added into the microchannel
before the experiments, which were conducted without fluid flow. The microbubbles rose
due to buoyancy and came into contact with the cells seeded on the inner upper surface of
the microchannel. After recording of baseline fluorescence [Ca2+]i and PI, bright field
imaging (20,000 frames/s) was performed during an US tone burst (8 μs duration, 0.24 MPa
peak negative pressure) (noted as t = 0 s), followed by fluorescence imaging up to 200 s.

Measurements were expressed as mean ± standard deviation. Statistical significance of
detected differences between groups was tested using the unpaired Student's t-test (Version
16, SPSS, Chicago, IL, USA). The 2-sided P value was determined, testing the null
hypothesis that the two population means are equal. The reported P-values for the t-tests
were performed assuming equal variance between groups, except where Levene's test
indicated likelihood of unequal variance (P< 0.05). P values less than 0.05 were considered
to be statistically significant.

3. Results
The cells cultivated under shear stress exhibited orientation and elongation along the
direction of the flow (along the length of the microchannel) compared with statistically
cultured cells (Fig. 2). No change in either PI fluorescent intensity or [Ca2+]i was detected
for statically or shear stress cultivated cells without US application or with US but without
microbubbles present. A total of 65 bEnd.3 cells from 8 independent experiments, including
statically cultured cells (static groups, n=32) and shear stress cultured cells (shear stress
group, n=33), were examined to obtain intracellular PI uptake and [Ca2+]i changes after US
application. A total of 74 HUVECs, (static group n=30; shear stress group n=44) from 9
independent experiments were examined. Each of the cells examined had a microbubble in
direct contact with the cell membrane in a similar configuration, and fragmented or shrunk
due to the US exposure.

Figure 3 shows the typical results of PI and [Ca2+]i changes in bEnd.3 cells. The enlarged
views of the bright field images of the microbubbles (Figs. 3A and 3D) showing shrinkage
(Fig. 3A) or fragmentation (Fig. 3D) confirmed the US effect on the microbubble, although
the detail process of microbubble oscillation or collapse driven by the 1.25 MHz US pulse
was not captured at the imaging frame rate (20,000 frames/s) used in the experiment. The
absence of PI fluorescence (top image in Figs. 3B and 3E) and the constant initial [Ca2+]i
values (top image in Figs. 3C and 3F) before US indicated the intact membrane.

In the statically cultured cell, the increase of PI intensity and [Ca2+]i (Figs. 3B and 3C)
initiated from the membrane location in contact with the microbubble and then spread within
the cell. The mean PI fluorescence intensities within the cells (Figs. 3B and 3G) in the
statically cultured cell increased significantly to a stable value after US application, while no
change was detected in the shear stress cultured cell (Figs. 3E and 3G). The PI fluorescence
increased when the PI molecules entered the cell via the membrane disruption and bound to
the RNA in the cytoplasm and/or the DNA in the nucleus. Hence the PI could be used as a
marker for reversible permeabilization of the cell membrane (van Wamel et al., 2006). The
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limited, transient increase of PI fluorescence suggests temporary permeation generated by
the microbubble and resealing of the cell membrane after US (Deng et al., 2004; Kudo et al.,
2009; Mehier-Humbert et al., 2005). The cells showing limited, transient increase of PI
fluorescence was confirmed of their viability using Trypan blue assay.

The mean values of [Ca2+]i also increased in the statically cultured cell, reaching its
maximum before recovering (Fig. 3H). In contrast, the shear cultivated bEnd.3 cell exhibited
no change in either PI fluorescence intensity or [Ca2+]i (Figs. 3G and 3H).

Overall, cells in the shear stress groups exhibited much less responses to the impact of the
US-driven microbubbles than cells in the static groups, as indicated by Fig. 3 and the data in
Tables 1 and 2. Both bEnd.3 cells and HUVECs in the shear stress group exhibited less
increases of PI (Table 1) and [Ca2+]i (Table 2). The percentages of cells with PI uptake and
[Ca2+]i changes in the shear stress group are also much lower (Figs. 4A and 4B, Tables 1
and 2). (The percentages were calculated based on the following criteria: the maximum
fluorescence intensity value after US is at least 2σ greater than the averaged value before
US, where σ is the standard deviation of the measured values before US). The data indicate
that bEnd.3 cells and HUVECs exhibited similar characteristics in terms of these responses.

In addition to the immediate [Ca2+]i changes observed in the individual cells that were
directly in contact with microbubbles, calcium wave, or the subsequent changes of [Ca2+]i in
the surrounding cells was also observed in this study. In the statically cultured monolayer of
HUVECs (Fig. 5A), the initial values of [Ca2+]i before US were lower than in the shear
cultured cells (Fig. 5B). In each case, the calcium wave was initiated from a cell that was
adjacent to microbubble (top image in Figs. 5A and 5B) and that exhibited immediate
change in [Ca2+]i after US (images at 2s in Figs. 5A and 5B). The extent of the calcium
wave, represented by the area within which the cells exhibited delayed [Ca2+]i changes, was
larger in the statically cultured monolayer than in the shear cultured monolayer (Fig. 5C).
For example, the area was about 3 times larger in the statically cultured monolayer at 11s
after US.

4. Discussion
This study examined sonoporation of cells that were cultured under constant shear stress of
5 dyne/cm2 for 5 days to simulate the in vivo shear stress condition in the microvasculatures
which has a range of 4-20 dyne/cm2 (Desai et al., 2002). Higher shear stress may result in
more pronounced differences compared with statically cultured cells, but the exact
dependence remains to be investigated.

Shear stress on endothelial cells is likely to be translated into biological responses by
interactions among the cytoskeleton, ion channels, and membrane receptors (Davies, 1995),
thereby activating a chain of biochemical and genetic processes that allow the cells to adapt
to flow. Although the exact mechanism requires further investigation, the observed reduced
response in terms of membrane disruption and changes in [Ca2+]i in shear stress cultivated
endothelial cells may be attributed to the shear induced changes in biomechanical and
cellular properties of endothelial cells, particularly the significant increase in intracellular
viscoelasticity and intracellular cytoplasmic stiffening (Icard-Arcizet et al., 2008; Lee et al.,
2006; Wang and Ingber, 1994). These biomechanical adaptations may result in higher
resistance in these cells to US-driven microbubble activities (O'Brien, 2007) compared to
cells cultured in static condition. The cell-cell interactions could also be affected, resulting
in the reduced extent of [Ca2+]i waves observed in shear stress cultured cells.

The observation that more cells had changes in [Ca2+]i than had PI uptake (Fig. 4), indicate
that US generated change of [Ca2+]i without causing membrane disruption in some cases.
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This could happen if the disruption was too small to allow enough PI into the cells to be
detectable under the current experimental setting. However, US-driven microbubbles can
also induce [Ca2+]i changes via mechanisms other than membrane disruption. For example,
activation of stretch activated channels (SACs) in endothelial cells could induce Ca2+ influx
followed by Ca2+ release from internal stores (Tran et al., 2008;Tran et al., 2007) without
membrane disruption.

The sonoporation experiments in this study were conducted without flow in the
microchannel to avoid its effects for the static groups, and the influence of on-going flow
was not included. As the cells most likely already reached a steady state of adaptation after 5
days cultivation under shear stress, the on-going flow may not have additional significant
effect on the state of the cells. Even with flow present, the relative slow flow velocity
compared to US propagation velocity (1500 m/s) and frequency (1.25 MHz) are not
expected to affect US-driven microbubble activities and sonoporation. However, on-going
flow may affect the exact patterns of [Ca2+]i waves, since [Ca2+]i waves depend on the
propagation of intercellular or extracellular messengers such as IP3 from cell to cell
(Sanderson, 1996; Sanderson et al., 1994) and ATP (Cotrina et al., 1998; Osipchuk and
Cahalan, 1992).

The US exposure parameters in this study were chosen to ensure high cell viability and
produce detectable effects. The effects of other US conditions on the reduced response to US
are not included, although the basic characteristics of the observed phenomena are expected
to remain similar.

In conclusion, this study revealed that shear stress cultivation results in reduced responses in
bEnd.3 cells and HUVECs to the impact of US-driven microbubble activities in terms of cell
membrane permeability and [Ca2+]i dynamics. These differences are important in translating
results from in vitro sonoporation studies to in vivo environments in the development of US
techniques for drug and gene delivery. Considering the important regulatory role Ca2+ plays
in physiological and pathological processes such as gene transcription, cell proliferation,
metabolism, cell migration, and wound response (Berridge et al., 2003; Petty, 2006), these
results may also be relevant for endothelial cell biology and other bioengineering
applications.

However, beyond the obvious steps to extend the current study to examine a wider range of
US exposure conditions and shear stress values, probably more importantly, the detail
processes and molecular mechanisms of US induced cell responses need to be investigated
to fully understand the effect shear stress on sonoporation of cells. It is well known that US
driven microbubbles generate mechanical impact via mechanical pressure and fluid
movement, but it is unclear how cells respond to these mechanical inputs and stimuli
fundamentally, e.g., the detail cellular pathways and molecular processes involved in the cell
responses to US are unknown.
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Figure 1.
Experimental setup and procedures. (A) Shear stress cultivation of endothelial cells in a
microchannel. Placed inside a humidified cell culture incubator with gas supply (5%
CO2-95% air), the cells were cultured on the inner-upper surface of the microchannel which
was connected to a continuous flow circuit of complete culture medium. (B) Sonoporation
setup with real-time fluorescence imaging and high-speed bright field imaging. (C)
Experimental procedures involving bright field and fluorescence imaging of microbubble
activities and sonoporation.
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Figure 2.
Representative HUVEC cell morphology of static cultivation (A) and shear stress cultivation
(B). The cells cultivated under 5 dyne/cm2 for 5 day exhibited orientation and elongation
along the direction of the flow (arrow in B). The scale bars represent 100 μm.
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Figure 3.
Representative results of PI uptake and [Ca2+]i changes in bEnd.3 cells from the static group
(A-C) and shear stress group (D-F) generated by US stimulated microbubbles. Panels (A)
and (D) show the high speed brightfield imaging of a microbubble near the cell membrane
with enlarged views before, during, and after the US exposure which started at t=0 s. Panels
(B) and (C) show the time-lapse images of PI fluorescence and [Ca2+]i in the statically
cultured cell. Panels (E) and (F) the time-lapse images of PI fluorescence and [Ca2+]i images
for the shear stress cultured cell. The color bars in (B) and (E) indicate the PI intensity in
arbitrary units (A. U.) and in (C) and (F) indicate [Ca2+]i in nM. The scale bars represent 25
μm.
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Figure 4.
Shear stress cultured cells exhibited different response to US application from the statically
cultured cells. (A) Shear stress cultured bEnd.3 cells (n = 33) exhibited lower percentage of
responses in PI uptake and [Ca2+]i changes compared with the static group (n = 32). (B)
Shear stress cultured HUVECs (n = 44) had lower percentages of responses compared with
the static group (n = 30). The asterisk indicates P < 0.05 for a Student's t-test between cells
in the static and shear stress group.

Park et al. Page 13

J Biomech. Author manuscript; available in PMC 2012 January 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
US-induced calcium wave in shear stress cultured monolayer of HUVECs was reduced
compared with the statically cultured cells. (A) [Ca2+]i wave in statically cultivated
monolayer shown as the increasing area within which cells exhibited [Ca2+]i changes. (B)
[Ca2+]i wave in shear stress cultivated monolayer.The color bars indicate [Ca2+]i in nM. The
scale bars represent 100 μm. (C) The area within which cells exhibiting changes in [Ca2+]i
for static (n=5) and shear stress cultivated monolayer (n=5). The asterisk indicates P < 0.05
for a Student's t-test between the shear stress cultured cells and the statically cultured cells.
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Table 1

US-induced changes of PI fluorescence intensity

Static group Shear stress group

Percentage of cells with
increase (%)

Maximum increase (A.U.) Percentage of cells with
increase (%)

Maximum increase (A.U.)

b.End3 cells 51.3 ± 8.3 (n=32) 69 ± 97 (n=32) 10.7 ± 14.7 (n=33) 6.0 ± 27 (n=33)

HUVECs 70.9 ± 10.5 (n=30) 148 ± 153 (n=30) 4.4 ± 6.1 (n=44) 25 ± 56 (n=44)
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Table 2

US induced changes of [Ca2+]i

Static group Shear stress group

Percentage of cells with
increase (%)

Maximum increase (nM) Percentage of cells with
increase (%)

Maximum increase (nM)

b.End3 cells 94.6 ± 7.7 (n=32) 611 ± 408 (n=32) 10.7 ± 14.7 (n=33) 63 ± 164 (n=33)

HUVECs 96.4 ± 7.1 (n=30) 658 ± 388 (n=30) 13.9 ± 4.8 (n=44) 81 ± 148 (n=44)
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