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This study presents a unique approach to understanding the bio-
physical mechanisms of ultrasound-triggered cell membrane disrup-
tion (i.e., sonoporation). We report direct correlations between
ultrasound-stimulated encapsulated microbubble oscillation phys-
ics and the resulting cellular membrane permeability by simulta-
neous microscopy of these two processes over their intrinsic
physical timescales (microseconds for microbubble dynamics and
seconds to minutes for local macromolecule uptake and cell mem-
brane reorganization). We show that there exists a microbubble
oscillation-induced shear-stress threshold, on the order of kilopas-
cals, beyond which endothelial cellular membrane permeability
increases. The shear-stress threshold exhibits an inverse square-
root relation to the number of oscillation cycles and an approxi-
mately linear dependence on ultrasound frequency from 0.5 to
2 MHz. Further, via real-time 3D confocal microscopy measurements,
our data provide evidence that a sonoporation event directly re-
sults in the immediate generation of membrane pores through
both apical and basal cell membrane layers that reseal along their
lateral area (resealing time of ∼<2 min). Finally, we demonstrate
the potential for sonoporation to indirectly initiate prolonged, in-
tercellular gaps between adjacent, confluent cells (∼>30–60 min).
This real-time microscopic approach has provided insight into both
the physical, cavitation-based mechanisms of sonoporation and
the biophysical, cell-membrane–based mechanisms by which micro-
bubble acoustic behaviors cause acute and sustained enhancement
of cellular and vascular permeability.
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Delivery vehicles for therapeutic nucleic acids (e.g., siRNA,
mRNA, plasmids, oligonucleotides), including nanoparticles

or viruses, are intended to increase the local effectiveness of the
therapeutic within a target tissue while reducing off-target ef-
fects. A major barrier to the successful delivery of molecular
therapeutics in this manner is the endothelial cell membrane.
Viral vectors, although able to efficiently deliver genetic material
to target cells via their intracellular trafficking machinery, may
elicit specific inflammatory and nonspecific antiviral immune
responses (1, 2). As an alternative, nonviral vectors––for exam-
ple, localized needle injection of naked therapeutic nucleic acids
or lipofection––use physical forces or compounds, respectively,
to deliver a genetic payload into a cell and are generally less toxic
and immunogenic than viral vectors (3). However, direct needle
injection into the target poses challenges in achieving homoge-
neous tissue distribution of the payload (4), and clinical imple-
mentation is limited by the impractical requirements of repetitive
needle injections into sites which may be difficult to access.
Systemically injected liposomes face the endothelial barrier, are
vulnerable to intravascular destruction and/or renal excretion
(depending on size), and, when endocytosed by the target cell,
must escape early endosomes to deliver the payload to the cell
(5). To address these limitations, i.v.-injected nucleic-acid–loaded
microbubble contrast agents have been investigated as nonviral
delivery vehicles which can be targeted to release their payloads
by direct navigation of an ultrasound beam to the target tissue
during microvascular transit of the microbubbles through the

tissue. The resulting selective release and uptake of the payload
within the ultrasound focal volume is a major advantage over
other nonviral, noninvasive delivery methods. As an ultrasound
contrast agent, microbubbles can also be visualized via standard
B-mode (or contrast-mode) ultrasound imaging techniques, and
therefore a cargo-loaded microbubble platform has the potential
to offer a noninvasive, image-guided, and targeted molecular ther-
apeutic delivery strategy.
Studies using microbubbles driven by ultrasound in the mega-

hertz frequency range have shown initial success in delivering
therapeutic payloads in in vitro (6–10) and animal models (11–13).
The delivery efficiency, however, remains inferior to that dem-
onstrated via viral methods (4), in large part due to an incomplete
physical, mechanistic understanding of the manner in which
acoustic cavitation alters endothelial membrane permeability. To
address this, a direct correlation between microbubble cavitation
physics and subsequent cell membrane permeability is required. To
achieve this, we have coupled a custom-designed, ultrafast micros-
copy system (submicrosecond resolution) with a second CCD
camera (millisecond resolution) to simultaneously investigate
ultrasound-mediated microbubble megahertz oscillation dynamics
and the resulting cellular permeability dynamics over their rel-
evant physical timescales (Fig. 1A). Phospholipid encapsulated
microbubbles were allowed to rest adjacent to a cultured, calcein-
loaded human umbilical vein endothelial cell (HUVEC) mono-
layer within a cell culture cassette. The cassette was filled with
culture medium containing propidium iodide (PI), a 668-Da
reagent that we chose as a model drug and primary marker of
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sonoporation (SI Methods) due to its fluorescence exclusively
upon entering the cell and interacting with nucleotides. Synchro-
nous triggering between the ultrasound transducer and ultrafast
microscopy system was achieved to collect an ultrafast frame rate
bright-field recording of microbubble behavior (∼8–25 μs),
a fluorescence video recording of the corresponding PI uptake be-
fore, during, and after ultrasound transmission (∼2–3 min), and a set
of bright-field and calcein pre- and postultrasound still frames
(Fig. 1B).

Results and Discussion
Fig. 2 depicts a representative example of the simultaneous
ultrafast bright-field/slow epifluorescence recording strategy:
a microbubble with a resting radius of R0 =1.8 μm in contact with
an endothelial cell, insonicated with an 8-cycle, 1-MHz pulse at
0.8 MPa. Selected frames from the ultrahigh-speed recording
[∼10.8 Mfps (million frames per second)] illustrate microbubble
cavitation (Fig. 2A), from which the quantification of the micro-
bubble radial oscillation and its frequency content are extracted
(Fig. 2 B and C). The microbubble achieves a maximum radius of
Rmax =3.3 μm and exhibits preferential expansion over compres-
sion––an expected nonlinear result for a microbubble interrogated
at a pressure amplitude of 0.8 MPa (Movie S1). Indeed, the asso-
ciated power spectrum (Fig. 2C) highlights large contributions of
energy at the fundamental, second-harmonic and third-harmonic
frequencies to the microbubble cavitation. This cavitation event
results in immediate sonoporation (Movie S2) initiating at the point
of bubble–cell contact (Fig. 2D, arrowhead), characterized by PI
entry into the cytoplasm [commencing between panels 2 and 3 (9.6–
15 s)] and eventual diffusion to the nucleus (panel 5), as well as
intracellular calcein loss (panels 11 and 12). Further quantification
of the PI uptake dynamics reveals both qualitative and quantitative
differences within the cytoplasm (Fig. 2E) and nucleus (Fig. 2F).
The cytoplasmic PI profile is consistent with a time-limited PI entry
within the cell (e.g., pore resealing or PI saturation), whereas the
monotonically increasing, plateau-like nature of the nuclear PI
uptake reflects the spatial confinement of DNA within the nu-
cleus. The final two panels depict the range of PI uptake curves
within the cytoplasm (Fig. 2G) and nucleus (Fig. 2H) for all
microbubbles interrogated at 1 MHz (Fig. S1 and Table S1).
A global summary of the dataset taken from n = 361 individual

microbubble–cell pairs is shown in Fig. 3, where the bubble–cell
pairs that elicit sonoporation are denoted with a red square. The
maximum absolute microbubble expansion Rmax −R0 as a func-
tion of initial radius R0 is presented. This figure presents the
results from two sets of experiments, each performed at an ul-
trasound frequency of 0.5, 1.0, or 2 MHz, with either the number
of cycles (8 cycles; Fig. 3 A–C) or the time duration (8 μs; Fig. 3
D–F) of the single pulse held constant (i.e., five independent
conditions; Fig. S2). There was a threshold in absolute micro-
bubble radial excursion above which sonoporation occurs that
is approximately independent of initial radius, as determined
through linear discriminant analysis (solid line). These data
were acquired over a range of acoustic pressures (Fig. 3) to
build up the physically relevant parameter space. The re-
quired maximum expansion threshold increases for decreasing
frequencies for both sets of experiments (Fig. 3G). At a fixed
frequency, the bubble oscillation threshold required to ini-
tiate sonoporation increases as the pulse time duration de-
creases. Placing the recorded microbubble dynamics within a
physical framework, the maximum normal and shear stresses were
estimated. Whereas there was no clear normal stress threshold,
microbubble-induced shear stress was found to be a threshold
indicator of sonoporation occurrence (Figs. S3 and S4). Sonopo-
ration thresholds for bubbles between 1.25 ≤ R0 ≤ 3.00 μm, both in
terms of oscillation amplitude and associated shear stress, are
presented in Fig. 3G. Insight into the dependence of oscillation
frequency and duration on membrane rupture thresholds can be
gained by taking a materials engineering approach: The shear-stress
threshold for cell membrane sonoporation can be viewed as an
analog to the stress threshold for material failure. This analysis
is conducted by constructing a Wohler curve (S–N curve), in-
dicating the required number of cycles (N) at a constant stress
(S) for material failure, and is modeled by S= αNβ, where α and
β are material constants with β < 0 (14). By assuming that the
viscoelastic rheology of cellular membranes exhibits a power law
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Fig. 1. Simultaneous ultrafast bright-field (Mfps) and slow-speed epifluorescence
(fps) microscopy bridges observations over 6 orders of magnitude in time.
(A) A schematic cross-section of a custom-designed water tank, housing a
single-element transducer and a coil heater, mounted on a microscope stage.
The light collected from the objective lens was split with a 50/50 mirror to two
detectors––the UPMC-Cam (26) and a CCD camera used for epifluorescence mi-
croscopy. To ensure simultaneous fluorescence recording before, during, and
after ultrasound exposure, the appropriate filter cube was decomposed to leave
the dichroic mirror in the beam path. The emission filter was placed downstream
of the beam-splitting mirror to ensure that a sufficient amount of photons from
the flash lamp reached the UPMC-Cam detectors. (B) Synchronous triggering
between the ultrasound transducer and ultrafast microscopy system was
achieved to collect an ultrafast frame rate bright-field recording of microbubble
behavior (∼8–25 μs), a fluorescence video recording of the corresponding PI
uptake before, during, and after ultrasound transmission (∼2–3 min), and a set
of bright-field and calcein pre- and postultrasound still frames. The UPMC-Cam
(26), currently the only imaging system of its kind in North America, is based
on a rotating mirror framing camera. A mirror prism, rotated by a gas (helium)
turbine, achieves up to 20,000 rotations per second to direct the incoming
photons through a bank of relay lenses and beam splitters, projecting two
images on a single CCD camera. This optical system therefore results in 128
temporally separated images (1,360 × 1,024 pixels) spatially projected onto
64 CCD cameras at a maximum of 25 Mfps.
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Fig. 2. Individual ultrasound-stimulated microbubble oscillation increases endothelial membrane permeability. (A) Select frames from an ultrahigh-speed
recording from the UPMC-Cam at 10.86 Mfps, highlighting microbubble spherical oscillation at 1 MHz and 0.8 MPa. (Scale bar, 5 μm.) (B) Quantification of the
radial profile of the microbubble shown in A over time and (C) corresponding radial power spectrum as extracted from the UPMC-Cam bright-field recording.
This microbubble exhibits some gas loss due to ultrasound (US) exposure, resulting in a slightly smaller size (1.4-μm radius) by the end of the US pulse and up
to 3 min thereafter. (D) Simultaneous epifluorescence imaging before, during, and after US delivery highlights the uptake of a normally cell-impermeable
model drug PI (red). The first two frames depict the microbubble–cell geometry (white lines denote cell contours and arrowheads denote microbubble lo-
cation) in bright-field and epifluorescence frames, respectively. Frames 3–10 demonstrate PI uptake after US delivery. The commencement of PI uptake is
spatially localized to the position of bubble–cell contact (arrowhead), entering the cytoplasm and continuing to diffuse within the nucleus. Frames 11 and 12,
taken during calcein-specific imaging (green) before US (frame 11) and about 200 s later (frame 12), illustrate that calcein is lost during this sonoporation
process. (Scale bar, 5 μm.) Note the characteristic differences in PI uptake dynamics within (E) the cytoplasm and (F) the nucleus, likely related to the diffusion
physics of these two cellular compartments. The cytoplasmic PI profile is consistent with the arrest of PI entry within the cell (e.g., pore resealing, PI satu-
ration), whereas the monotonically increasing, plateau-like nature of the nuclear PI reflects the immobile nature of the DNA within the nuclear cavity. (G and
H) The range of PI uptake curves exhibited by all microbubbles interrogated at 1 MHz. These curves are normalized to their respective baseline-subtracted
values. See Movies S1 and S2.
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on displacement frequency (15), a model is proposed for the
sonoporation shear-stress threshold:

τthresh = αNβf γ , [1]

where τthresh is expressed in kilopascals and f is the transmit
frequency in megahertz. Mathematical fitting of the above equa-
tion to the estimated maximum shear-stress threshold values
results in α = 37.4 ± 2.1, β = −0.47 ± 0.03, and γ = 1.195 ±
0.005. Maximum shear-stress values, both experimentally esti-
mated and those resulting from the best fit of Eq. 1, are reported
in Fig. 3G, highlighting good agreement between the observed
data and the model (R2 = 0.99). Once sonoporation is achieved, a
direct, linear correlation between microbubble-induced shear stress
and the peak cytoplasmic PI intensity at the site of sonoporation at
all three frequencies is observed (Fig. 3 H–J). This suggests that
larger microbubble-induced shear stresses correlate to either larger
pores or more prolonged pore openings.

With this hypothesis in mind, the biophysical connection be-
tween microbubble-generated shear stress and resulting macro-
molecule uptake lies in the dynamics of the cellular membrane
itself. As revealed with 3D real-time resonant scanning confocal
microscopy (Movie S3), the cell membrane perforates at the point
of bubble–cell contact over a relatively wide surface area imme-
diately after ultrasound delivery, coregistering with an influx of PI
(Fig. 4A). Both apical and basal cell membranes are breached and
completely reseal in-plane (∼12 min). Surface rendering analysis
(Movie S4) highlights the initial generation of multiple, circular
pores that coalesce to form a larger perforation (Fig. 4B), a process
through which the cell has survived (Fig. 4C). Additionally, dy-
namic membrane gaps between adjacent confluent cells also
form minutes after ultrasound delivery and remain open for tens
of minutes (Fig. 4 A, B, and E), an apparent indirect result of
microbubble sonoporation. This provides a mechanistic explana-
tion for enhanced extraluminal macromolecule delivery past the

A B C

D E F

G

H I J

Fig. 3. Microbubble-generated shear stress is a mechanistic threshold indicator for sonoporation, resulting in a commensurate increase in macromolecule
influx within endothelial cells. (A–F) The effect of US frequency and pulse duration on sonoporation. Two frequency-dependent studies were performed; with
either the number of cycles (8 cycles; A–C) or the pulse time duration (8 μs; D–F) held constant (i.e., five independent conditions). Red squares denote
microbubble–cell pairs that exhibited PI uptake (sonoporation), whereas blue circles denote no PI entry. Rmax − R0 indicates the maximum absolute micro-
bubble shell excursion during US exposure measured from the ultrafast recordings (y axis), and is plotted against initial microbubble radius R0. Peak negative
acoustic pressures ranged from 0.1 to 0.4 MPa, 0.2 to 0.8 MPa, and 0.2 to 0.6 MPa for 0.5 MHz, 1 MHz and 2 MHz, respectively, to build up this physically
relevant parameter space. The threshold in absolute microbubble excursion above which sonoporation occurs as a function of initial radius was determined
through linear discriminant analysis (solid line), resulting in an approximately constant relation. (G) Sonoporation thresholds averaged over a microbubble
size range of 1.25 ≤R0 ≤ 3.00 μm for the US frequencies and pulse durations tested. To model the maximum shear-stress threshold, a materials engineering
approach was adopted of the form τmodel = αNβf γ, where α = 37.4 ± 2.1, β = -0.47 ± 0.03, and γ = 1.195 ± 0.005 are the fitted parameters. (H–J) Correlation
between maximum PI signal intensity (baseline subtracted) at the site of entry (within cytoplasm) and the maximum shear stress for the 8-cycle (circles) and
8-μs (squares) transmit pulses. Red symbols denote microbubble–cell pairs that exhibited PI uptake, whereas blue symbols denote no PI entry. These data
indicate that larger shear forces result in either larger pores or longer pore durations. Pearson correlation coefficients and significance are shown.
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Fig. 4. A single sonoporation event results in pore generation that reseals along its lateral area, as well as generates intercellular gaps between adjacent
confluent HUVECs that persist over longer timescales. (A) Maximum intensity projections from a 30-min recording of an individual 6.2-μm-diameter micro-
bubble adjacent to a confluent HUVEC monolayer, insonicated with a single pulse (8 μs in duration). The first two frames depict five confluent cells (numbered
I through V) pre-US delivery, with the cell borders outlined in white and the microbubble location indicated by a black arrow. Cell membranes have been
fluorescently labeled (green) with a FAP complex (SI Methods). Membrane perforation (white arrow) is immediately generated at the point of bubble–cell
contact (cell III), concurrent with the entry of PI (red) at the site of the pore. Note the trailing edge of PI as it diffuses away from the pore and accumulates at
the nucleus, indicating no further entry despite the apparent persistence of the pore itself (e.g., at 1.94 min). Gaps (arrowheads) between cell III (the directly
sonoporated cell) and cells I and II (nonsonoporated cells) form minutes after US transmission and are dynamic throughout the 30-min recording. (B) Surface
rendering of the same sonoporation event, highlighting the appearance of multiple, circular pores (at 0.33–1.46 min) followed by coalescence into a larger
pore area (at 6.87min) and the trailing edge of PI entry. (C) Cell viability assay [calcein-AM (yellow) added 30 min after US], confirming that the cells shown in
A and B remain viable at 40-min post-US. (Upper) Cells before and (Lower) after staining with calcein, respectively. (D) Quantification of PI in cell III over time
(red line), highlighting the cessation of PI uptake despite the persistence of a large pore (blue line). (E) Comparison between the time course for the directly
sonoporated pore and the indirectly generated gaps between cells I–III and II–III. The generation of gaps between adjacent cells occurs minutes after US
transmission and can remain open for at least tens of minutes, suggesting a mechanism for extraluminal drug delivery and prolonged, enhanced vascular
permeability. (F) The initiation of a second sonoporation event on cell III with an individual microbubble, resulting in the generation of a newmembrane pore
(white arrow) and further PI uptake (G), confirming that PI–nucleic acid interactions had not been previously saturated. This confirms that a single-pulse
sonoporation event (A–E) can result in a resealable membrane pore from which the cell can survive. Although the membrane pore eventually reseals in-plane
(∼12 min), the cessation of PI uptake occurs significantly earlier (<2 min), suggesting that out-of-plane membrane sealing between apical and basal sides of
the cell (i.e., lateral surface area of pore) is responsible for the termination of extracellular marker/drug entry (D). (Scale bar, 20 μm.) See Movies S3 and S4.
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endothelial layer, for example the prolonged vascular permeability
involved in ultrasound-microbubble–induced blood–brain–barrier
disruption applications (16), and offers a potentially “tunable”
opportunity for more protracted extravascular payload delivery,
even after the cessation of ultrasound. A second sonoporation
event on the same cell (Fig. 4F) confirms that, whereas the orig-
inal membrane pore was shown to reseal in-plane (∼12 min), the
unsaturated, intracellular transfer of PI ceases at an earlier time
point (<2–2.5 min), suggesting a resealing along the lateral
surface area between apical and basal membrane layers (Fig. 4D
and Figs. S5 and S6). Confocal imaging of control cells (ultra-
sound delivery with no microbubble present) shows no mem-
brane disruption (cells I, II, IV, and V in Fig. 4 A, B, and F).
The critical pressure impulse above which sonoporation oc-

curred, for example at 1 MHz, can be estimated as J ≈ τthresh · t=
1.45 · 10−2 Pa · s. This is consistent with recent studies investigating
cell membrane perforation induced by ultrasound shock waves
(approximately megapascal range) applied over nanosecond time-
scales, which determined critical pressure impulses on the order of
10−3–10−1 Pa · s when bubbles are present (17, 18). In addition to
the short timescales, the shear stress is limited to a small area of
contact with the adjacent cell. Estimating the spatial scale Rc of the
contact surface to be the same order of magnitude as the bubble
size (Rc ≈ 1 μm), the maximum tension in the cell membrane can
be approximated by σmax ≈ τthreshRc ≈ 1.45 · 10−2 N/m. This estimate
is consistent with previous studies that have investigated lipid bilayer
membrane rupture threshold values of σmax ≈ 1 · 10−2 N/m (19–21).
It has also been suggested that fluid microjets, a consequence of
asymmetric bubble collapse, can rupture cell membranes (22). The
data collected in the present study did not reveal the presence of
jetting, potentially because of the viewing orientation with respect to
the bubble–cell interface (23); however, microbubble fragmentation
(i.e., inertial cavitation) was indeed observed (Fig. S7).
Acoustically activated microbubbles behave as actuators, focus-

ing ultrasound energy from the millimeter- (e.g., λ= f=cs ≈ 0.75−

3 mm) to the micrometer spatial scale, and in so doing induce
local shear-stress magnitudes sufficient to produce localized
plasma membrane pores and to generate prolonged intercellular
gaps. Sonoporation can therefore be achieved with a variety of
bubble sizes and forcing acoustic pressures. Assessing the bio-
physics of endothelial mechanotransducers subjected to short
(microseconds), large-amplitude (kilopascal) shear stresses may
prove useful in illuminating downstream biological mechanisms
and consequences of sonoporation, including cytoskeleton shear
force transduction and shear-stress–mediated vasoregulation fac-
tors [e.g., nitric oxide production (24), reactive oxygen species].
From a translational standpoint, the development of sonication
regimes in which microbubbles can be forced into a “controlled”
oscillation characteristic (e.g., to generate threshold shear-stress
magnitudes) requires further experimental and theoretical inves-
tigation, with particular focus on how intrinsic encapsulation
heterogeneity may alter the response of an ostensibly identical
microbubble to the same ultrasonic stimulus (25).

Materials and Methods
For a detailed description of the materials and methods, including in-
formation on the simultaneous microscopy system, microbubble preparation,
cell culture, stress calculations, and real-time spectral confocal microscopy
experiments, please refer to Supporting Information.
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