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Spatiotemporally controlled single cell sonoporation
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This paper presents unique approaches to enable control and
quantification of ultrasound-mediated cell membrane disruption,
or sonoporation, at the single-cell level. Ultrasound excitation of
microbubbles that were targeted to the plasma membrane of
HEK-293 cells generated spatially and temporally controlled mem-
brane disruption with high repeatability. Using whole-cell patch
clamp recording combined with fluorescence microscopy, we ob-
tained time-resolved measurements of single-cell sonoporation
and quantified the size and resealing rate of pores. We measured
the intracellular diffusion coefficient of cytoplasmic RNA/DNA from
sonoporation-induced transport of an intercalating fluorescent
dye into and within single cells. We achieved spatiotemporally
controlled delivery with subcellular precision and calcium signaling
in targeted cells by selective excitation of microbubbles. Finally, we
utilized sonoporation to deliver calcein, a membrane-impermeant
substrate of multidrug resistance protein-1 (MRP1), into HEK-MRP1
cells, which overexpress MRP1, and monitored the calcein efflux
by MRP1. This approach made it possible to measure the efflux rate
in individual cells and to compare it directly to the efflux rate in
parental control cells that do not express MRP1.

intracellular delivery | acoustic cavitation | transmembrane current |
mechanical impact

Despite the development of various approaches for transport-
ing membrane-impermeant compounds (such as fluorescent
markers, DNA, RNA, siRNA, proteins, peptides, and amino
acids) into living cells (1-3), efficient intracellular delivery
of bioactive agents for biomedical applications with minimal
adverse effects remains challenging. In addition, it is desirable
yet difficult to achieve local perturbation of intracellular pro-
cesses, which requires subcellular molecular localization inside
the living cell (4, 5).

Sonoporation uses ultrasound to induce transient disruption of
cell membranes (6-8), thereby enabling transport of membrane-
impermeant compounds into the cytoplasm of living cells (6, 9—
11). Without the need to use viral vectors, sonoporation enables
the delivery of a wide range of bioactive agents with minimal in-
flammatory and immunological responses for both in vitro studies
and in vivo applications (12-16). In addition, ultrasound applica-
tion can be targeted to a specific volume of tissue in vivo nonin-
vasively. These unique characteristics make sonoporation a
compelling and versatile technology for nonviral drug and gene
delivery.

Sonoporation is typically performed for bulk treatment of a
tissue volume in vivo or a large number of cells in vitro, often
facilitated by microbubbles that are either injected in the vascu-
lature or mixed in solution with suspended or attached cells.
Ultrasound application induces cavitation of the microbubbles
(17), signified by rapid volume expansion/contraction and/or col-
lapse (18). These effects generate localized fluid flow, shear
stress, and other mechanical or physical impact capable of affect-
ing cells and structures nearby (7, 19, 20).

However, the detailed processes supporting sonoporation-
mediated transmembrane and transcellular transport are not well
understood, particularly at the single-cell level. The absence of
such mechanistic understanding hinders the successful develop-
ment of the technology as an effective and safe strategy. The main
challenge for mechanistic and quantitative investigation is the
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lack of adequate techniques capable of control and real-time
assessment of the transient and microscopic process of single-cell
sonoporation. The inherently complex and highly dynamic nature
of microbubble cavitation not only poses great difficulties to con-
trol sonoporation especially at the single-cell level but also ren-
ders an ensemble approach inadequate for probing the detailed
processes of sonoporation deterministically.

Recently, several studies (7, 21, 22) addressed this challenge
using various innovative approaches for generating and trapping
a single microbubble to induce sonoporation of a single cell, but
required complex laser systems for controlling bubbles and only
worked with one cell at a time. No quantification of membrane
poration and delivery was performed in these studies.

We have previously employed a voltage clamp technique to
monitor sonoporation (23-26) in real time by measuring the
transmembrane current (TMC) of single Xenopus oocytes. The
ultrasound-induced localized membrane disruption allowed ions
to flow nonselectively through the membrane, resulting in an in-
crease of the TMC. The large diameter (approximately 0.8 mm)
of Xenopus oocytes, a common membrane model for electrophy-
siological recordings (27), made recordings practical for these
studies. However, cellular uptake corresponding to an increase
of TMC was not measured in these cells, which are normally sur-
rounded by a nontransparent vitelline membrane.

Patch clamp techniques have been used to study mammalian
cells exposed to ultrasound in the presence of microbubbles (28,
29), but hyperpolarization of cells was related to the mechanical
stress generated by microbubbles without assessment of mem-
brane disruption.

Here, we targeted microbubbles to the plasma membrane of
HEK-293 cells via specific ligand-receptor binding (Fig. 14),
and controlled sonoporation by tuning the pressure and timing
of ultrasound pulses to selectively excite the cell-bound micro-
bubbles. We measured and quantified the dynamic process of sin-
gle-cell sonoporation and intracellular delivery using patch clamp
recording, multiwavelength fluorescence microscopy, and high-
speed bright field imaging (Fig. 1B). The detailed investigation
of the sonoporation process reported here will help to develop
sonoporation as an enabling technology for applications that
require controlled cellular delivery of membrane-impermeant
bioactive agents.

Results and Discussion

Different bubble concentrations for binding were used such that
more than 65% of the cells in a monolayer culture bound to 1 or 2
bubbles (Fig. S1). This deterministic sonoporation environment
allowed controlled interaction of membrane-bound microbubbles
with individual cells and made it possible to carry out quantitative
studies of sonoporation of single cells with high repeatability.
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Fig. 1. (A) Ultrasound excitation of microbubbles attached to the cell mem-
brane via receptor-ligand binding. Determined by their size, ultrasound-
induced expansion and contraction of microbubbles generates transient
membrane openings of different size, permitting transport of exogenous
molecules into the cell cytoplasm. (B) Experimental setup for real-time
assessment of single-cell sonoporation by ultrasound excitation of targeted
microbubbles using synchronized simultaneous patch clamp recording, fluor-
escence imaging, and bright field videomicroscopy.

Threshold and Repeatability of Sonoporation. To measure sonopora-
tion threshold, individual HEK-293 cells (n =8) with one

interval (Clysq) of 0.86 to 0.97] when ultrasound pressure was
above the threshold.

Ultrafast video microscopy revealed that sonoporation here
was induced by inertial cavitation, where microbubbles expanded
to more than twice their original radii and rapidly contracted
(Fig. S2). Acoustic pressures below the threshold generated small
oscillations of the bubbles (< 10% of radius) and no sonoporation
occurred (n = 46, f = 0.96, with a Clgsq, of 0.86 to 0.99).

The Size and Resealing of Single Pores. To monitor sonoporation in
real time, whole-cell recording in the presence of the membrane-
impermeant dye PI was performed on single HEK293 cells under
voltage clamp (—80 mV). Fig. 2 shows an example where a strep-
tavidin-coated microbubble was attached to the cell membrane
via biotinylated anti-CD51 antibodies, which bind to CD51 pro-
teins on the cell surface. Before ultrasound application (¢t < O s),
the absence of PI fluorescence (Fig. 2B) and TMC (Fig. 2G) con-
firmed cell membrane integrity. An ultrasound pulse (duration
2.4 ps, acoustic pressure 0.12 MPa) applied at r =0 s excited
the bubble and generated a rapid increase in the amplitude
of the inward TMC (Fig. 2G), accompanied by PI fluorescence
in the cell initiated from the location on the membrane where the

attached bubble was excited (Fig. 2C). This location dependence
indicated a localized membrane disruption that allowed the PI
molecules to enter and bind to the RNA and DNA molecules
in the cell cytoplasm, forming fluorescent PI-RNA or PI-DNA
complexes. The resulting fluorescent complexes then diffused
within the intracellular space (Fig. 2 D and E). Cell-viability as-
says based on calcein-AM performed after sonoporation showed
that the cell was able to hydrolyze acetoxymethyl ester and re-
tained the resulting calcein fluorophores, confirming recovery
of the disrupted plasma membrane (Fig. 2F).

An ultrasound-induced increase in TMC was always accompa-
nied by intracellular PI uptake from the location of the bubble
attached to the membrane (n = 10, f = 1, with a Clgsq, of 0.72
to 1.0). For cells that were sonoporated with PI uptake, simulta-
neous recording of TMC was successful in 10% of the cases
(n =100, f = 0.1, with a Clysq, interval of 0.06 to 0.18) because
of the frequent loss of the gigaseal resistance between the mem-
brane patch and the glass microelectrode.

From the maximal amplitude change of TMCs (5.6 + 1.9 nA,
n =4) induced by ultrasound application, we estimated the
maximum radius of a circular membrane disruption, or pore, to
be 15.7 +2.6 nm, using a quasisteady electro-diffusion model
(30) and the parameters listed in Table S1.

at 15 s (Fig. 2H), and determined the fast (k;) and slow (k) time
constants to be 4.21 +0.26 s™' and 0.17 + 0.05 s~! with I; and
I, of similar amplitude (3.2 & 1.0 nA) (R? = 0.92 £ 0.05). The
slow time constant is similar to a previously measured value for
Xenopus oocytes (0.11-0.21 s~1), whereas the fast time constant
is about four times that for Xenopus oocytes (0.79-1.19 s~1) (25).

The existence of two distinctive recovery constants may
reflect the different time scale of the mechanisms involved in cell
membrane repair (31, 32), including extracellular Ca?*-triggered
homotypic membrane-fusion events that occur on a subsecond
time scale, and facilitated self-sealing that is caused by reduction
of membrane tension by exocytosis and believed to be associated
with small membrane disruptions. The slow time constant may
represent the relatively slow homotypic membrane fusion
whereas the fast recovery constant may be associated with facili-
tated sealing, which is determined by the physical property of
the specific membrane of each cell type.

The total net electric charge transported across the membrane,
calculated from the temporal integration of the TMC, correlated
linearly with the total PI fluorescence intensity (Fig. 2I), support-
ing diffusion-driven transmembrane transport of PI into the
sonoporated cells.
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Fig. 2.

(A) Whole-cell patch clamping of a HEK-293 cell with an attached bubble. (B) No intracellular Pl fluorescence before ultrasound application (duration

attached bubble (radius 2.6 + 0.1 pm) were subjected to a single . . 3
8-ps ultrasound pulse after adding propidium iodide (PI) in the bAlth(z]ugh loan.-hvggl (.e'gl'l’ 1?1(%0 s) Inereases ofigMciwg rSe g
solution. By detecting the resulting intracellular fluorescence, we N tslf rveCI (e.g.,f OIZgi : )017119 a Ol experm(ljelzltsn(\r}[ C_ i tjl:; t ’ g
measured the acoustic pressure threshold for sonoporation of the with a Clysg, of 0.21 to 0.79), we also recor © -8 WIth taster @
HEK-293 cells to be 0.17 + 0.05 MPa. Sonoporation occurred and more regular recovery.after sonoporation (Fig, 2(.;)' We fit e
consistently [n = 106, fraction f = 0.93, with a 95% confidence the shorter-lived TMC during recovery (0+ to 15°s) with I(t) = g

’ e Iys — Iy exp(—kst) — I, exp(—kjt), where I,5 is the TMC value <
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2.5 ps, acoustic pressure 0.17 MPa). (C—E) Intracellular transport of Pl induced by ultrasound excitation of the microbubble. (F) Postsonoporation calcein-AM
assay showed retention of fluorescent calcein in the cell. (G) Rapid increase of the inward TMC induced by ultrasound excitation of the microbubble followed by
a gradual recovery. (H) Fitting of the recovering TMC (0-+ to 15 s) using a biexponential function. (/) Net electric charge transported across the membrane
correlated with the intracellular Pl fluorescence intensity.
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The TMCs that exhibited long-lived elevated values could
not be fit adequately by a biexponential function and were not
included in the pore-size calculation reported here. Besides ultra-
sound-induced instability of the patch, these prolonged elevated
values of TMC may reflect intrinsic variations in the cellular
responses to mechanical injury of the heterogeneous cell mem-
brane. Pinpointing the exact mechanisms may require analysis
at a level of complexity beyond the scope of this study. In addi-
tion, the shallow depth of solution suitable for patch clamp
recordings capped the ultrasound pressure that could be applied
in our experiments because the perturbation of the air-liquid
interface at elevated ultrasound pressures sometimes detached
the recording microelectrode from the cell. Thus, the range of
pore sizes measurable by patch clamp was limited in this study.

Despite these challenges, patch clamp recordings of sonopora-
tion enabled real-time measurements of the submicron-scale
events on the cell membrane as well as quantification of the pore
size and recovery, parameters important for intracellular delivery.
Spatiotemporally correlated patch clamp recording of an increase
of TMC and fluorescence imaging of concomitant cellular uptake
of membrane-impermeant molecules provided unequivocal evi-
dence that ultrasound excitation of microbubbles generated
membrane disruption.

Intracellular Transport and Intracellular Diffusion Coefficient. As
shown in Fig. 34, ultrasound excitation of cell-attached micro-
bubbles readily generated localized and transient disruption of
the cell membrane, allowing PI to enter the cell and form fluor-
escent PI-RNA or PI-DNA complexes. The gradual increase and
stabilization of the total intracellular fluorescence intensity
(Fig. 3B) indicated pore formation and resealing. With the as-
sumption that the PI molecules entered the cytoplasm through
a small circular hole on the membrane and rapidly bound to cy-
toplasmic DNAs and RNAs, we regarded it as a quasisteady-state
diffusion problem and calculated the pore radius from the mea-
sured intracellular fluorescence intensity (SI Zext). The pore in
Fig. 3 was calculated to be 25.1 nm.

In addition, we treated the spatiotemporal evolution of
intracellular fluorescence intensity after sonoporation as a 2D
sourceless diffusion problem and obtained a closed-form solution
that permitted calculation of the intracellular diffusion coeffi-
cient of the RNA or DNA (87 Text). From the measured spatio-
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Fig. 3. Spatiotemporally localized intracellular delivery and diffusion coef-
ficient. (A) Entry of Pl into a HEK-293 cell induced by ultrasound excitation of
a microbubble and subsequent spatiotemporal evolution of intracellular
fluorescence. (B) Increase and stabilization of the total intracellular fluores-
cence intensity indicated pore formation and resealing. Ultrasound pulse
duration was 8 ps and acoustic pressure amplitude was 0.17 MPa.
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temporal fluorescence intensity, which represented the diffusion
of the PI-RNA/DNA complexes in the cell, we calculated the
diffusion coefficient of the intracellular nucleic acids to be
(1.4140.11) - 10™° em?s™!  (n=4; R?>=0.8), consistent
with the reported diffusion coefficient of cytoplasmic RNA
(1-107 em?s~!) (33). This method can be readily extended
to measurement of intracellular diffusion coefficients of fluores-
cently labeled exogenous molecules by directly visualizing their
transport in cells after sonoporation using time-lapse confocal
fluorescence microscopy (34).

Spatiotemporally Controlled Delivery into Subcellular Regions. The
response of a microbubble to ultrasound excitation depends
on the size of bubbles and acoustic parameters (e.g., acoustic
pressure and frequency) (20, 35). For the microbubbles (radius
1-3 pm) and ultrasound frequency (1.25 MHz) used in this study,
higher acoustic pressures generated larger responses in bubbles
with the same radius, and larger bubbles exhibited larger re-
sponses to the same acoustic pressure (Fig. S4 and Tables S2
and S3). Based on bubble sizes, ultrasound excitation can generate
transient membrane openings of different size to control transport
of exogenous molecules into the cell cytoplasm (Table S4).

By tuning the ultrasound application, we selectively excited
microbubbles attached to different cells by applying ultrasound
pulses with increasing acoustic pressure at different times to
achieve spatiotemporally controlled sonoporation. Here, we pre-
sent three examples.

Fig. 44 shows an example for spatially discriminated PI deliv-
ery within a single cell bound to two microbubbles (initial radius
of 2.85 and 2.5 pm, respectively) at two different locations.
Application of an ultrasound pulse (8 ps; 0.17 MPa) excited both
bubbles and generated PI uptake from both locations, but the
smaller bubble (blue arrow) generated less PI uptake than the
larger bubble (yellow arrow). From the time-dependent PI fluor-
escence intensity within the cell after sonoporation, we calculated
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Fig. 4. Controlled ultrasound excitation of microbubbles and delivery in
single cells. (A) Delivery of Pl to subcellular locations by ultrasound excitation
of microbubbles. The larger bubble (yellow arrow, radius 2.85 pm) generated
more Pl delivery in the cell than the smaller one (blue arrow, radius 2.5 pm).
(B) Fluorescence imaging showing intracellular Pl delivery by repeated ultra-
sound excitation of a microbubble at t = 0 and 137 s. (C) Total fluorescence
intensity within the cell in B showing Pl uptake generated by ultrasound
application at t =0 and 137 s. Ultrasound duration was 8 us and acoustic
pressure was 0.17 MPa.
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the radii of pores to be 24.6 nm generated by the smaller bubble
and 34.5 nm by the larger bubble (SI Text).

Fig. 4 B and C shows that repeated excitation of a microbubble
(initial radius 2.25 pm) by ultrasound pulses (8 ps; 0.17 MPa)
applied at 0 and 137 s resulted in two increases of PI in the cell.
The corresponding radii of the pores were 18.8 and 20.4 nm for
the two excitations, respectively.

Fig. 5 shows an example of selective delivery into different
cells. The first ultrasound pulse (8 ps; 0.17 MPa) applied at ¢ =
0 s delivered PI in cell 1 by collapsing the attached bubble (initial
radius 2.5 pm) and generating a pore (radius 12.1 nm) without
affecting the smaller bubble (radius 1.25 pm) attached to cell
2 (Fig. 5A4). Excitation of bubble 2 and PI delivery into cell 2 were
achieved by applying an ultrasound pulse (¢ = 264 s) with higher
acoustic pressure (0.43 MPa) (Fig. 5B), which generated a pore
with a radius of 19.6 nm.

The technique of tuning the ultrasound application to selec-
tively excite microbubbles to control sonoporation should be
applicable as a general delivery strategy for many impermeant
agents of relevance (12-15) into selected individual cells with
subcellular precision. This approach has the advantage that it re-
quires no physical isolation of cells and/or specialized micron-
scale fabrication and instrumentation, which are time-consuming
and technically challenging.

Calcium Influx and Intercellular Calcium Waves Generated by Sono-
poration of Targeted Cells. Sonoporation allowed diffusion-driven
transport of ions across the otherwise highly selective cell mem-
brane. As an important signaling ion, Ca?* is tightly controlled in
the cytosol at submicromolar (uM) concentration whereas the
extracellular Cat concentration ([Ca?*],) is generally in the
mM range. Thus, influx of extracellular Ca** into the cytoplasm
is expected and observed in sonoporation because of the large
concentration gradient across the cell membrane (n = 80,
f =0.75, with a Clgsq of 0.64 to 0.83).

In the example shown in Fig. 6, where three bubbles (B1, B2,
and B3; initial radius 2.5, 2.0, and 1.5 pm) were attached to three
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Fig. 5. Selective delivery in different cells. (A) Excitation of bubble 1 (radius
2.5 pm) and PI delivery in cell 1 by an ultrasound pulse (8 ps; 0.17 MPa;
t = 0 s). Ultrasound pulses with pressures of 0.17 MPa (t = 0 s) or 0.26 MPa
(t = 153 s) generated no Pl delivery in cell 2. Ultrasound pulses with pressure
of 0.43 MPa (t = 264 s) and 0.6 MPa (t = 405 s) excited bubble 2 (initial radius
1.25 pm) and generated Pl uptake in cell 2. (B) Increase of total intracellular PI
fluorescence by ultrasound applications.
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Fig. 6. Calcium influx and calcium wave generated by selective ultrasound
excitation of microbubbles. (A, Top) Ultrasound pulse (2.4 ps; 0.17 MPa;
t = 0 s) generated calcium influx only in cell 1 by bubble 1 (B1, radius 2.5 pm)
and a delayed increase of [Ca?*]; in neighboring cells (inside dashed circle).
(Middle) Ultrasound pulse (2.4 ps; 0.26 MPa; t = 139 s) induced immediate
increase of [Ca2*]; in cells 1 and 2, and delayed [Ca?*]; changes in surrounding
cells, including oscillation of [Ca?*]; in cell 6. (Bottom) Ultrasound pulse
(2.4 ps; 0.43 MPa; t = 326 s) generated influx of calcium in cell 3 and calcium
wave in surrounding cells including oscillation of [Ca2*]; in cell 5. (B) Line
plots showing changes in [Ca?*]; and Pl uptake generated by ultrasound
pulses. Cells with immediate increase of [Ca*]; (cells 1, 2, and 3) had Pl up-
take, whereas the cells with delayed increase in [Ca?*]; showed no Pl uptake.

cells (cells 1, 2, and 3), respectively, spatiotemporally controlled
Ca?* influx and calcium activities were induced by selective
excitation of microbubbles using successive single ultrasound
pulses with increasing acoustic pressure.

First, an ultrasound pulse with acoustic pressure of 0.17 MPa
was applied at = 0 s to excite only the largest bubble (B1) and
reduce its radius to 2.0 pm, thereby generating immediate Ca?*
influx (Fig. 64) and membrane disruption in cell 1, indicated by
PI uptake in the cell (Fig. 6B). The radius of the pore based on PI
fluorescence was calculated to be 2.1 nm. Delayed (approxi-
mately 7 s) increase of [Ca*]; in several neighboring cells
(Fig. 64, dashed circles in first row) that did not show PI uptake
(Fig. 6B) indicated an intercellular Ca?* wave after ultrasound
application.

A second ultrasound pulse with higher pressure (0.26 MPa)
was applied at £ = 139 s to excite the smaller bubbles B2 and
B1 (now both 2.0 pm) and reduce their radii to 1.25 pm, gener-
ating immediate Ca?" influx in cell 2 and cell 1 with concomitant
membrane disruption (PI uptake; Fig. 6B). The radii of the pores
were 10.8 and 9.9 nm, respectively. Two calcium waves (Fig. 64,
dashed circles in the images at t = 148 s) followed the sonopo-
rated cells in nearby surrounding cells. Oscillation of [Ca*]; in
cell 6 indicated regulation of [Ca’*]; by intracellular mechanisms.

A third ultrasound pulse with further increased pressure
(0.43 MPa) applied at r = 326 s excited the smallest bubble, B3
(radius 1.25 um), generating PI delivery and immediate Ca®* in-
flux in cell 3 with a pore of radius 3.7 nm, followed by a calcium
wave in neighboring cells. Oscillation of [Ca?*]; was observed in
cell 5. Now that all bubbles were very small, no PI uptake and
changes in [Ca®*]; were generated by additional ultrasound
pulses (0.43 MPa) (Fig. 6B).

Thus, sonoporation can generate spatiotemporally controlled
increase of [Ca®*]; in cells that were affected directly by micro-
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bubble excitation (36-39), and in surrounding cells that were not
sonoporated via calcium waves. The calcium waves were likely
induced by factors released from the sonoporated cells (40, 41).
Selective excitation of microbubbles to generate calcium signal-
ing in single cells may be advantageous for investigating calcium
signaling compared to conventional methods using glass-pipette
mechanical stimulation or global exposure of cells to chemical
agents.

Sonoporation-Mediated Delivery and Efflux of Calcein by Multidrug
Resistance Protein-1 (MRP1). One of the challenges for studying
the efflux of drug candidates and other xenobiotics out of cells
is that some of these compounds require the presence of uptake
pumps in order to become available as intracellular substrates for
efflux pumps. In the absence of the appropriate uptake pump or
alternative uptake mechanisms, substrates of efflux pumps some-
times cannot be recognized or can be mistakenly characterized as
nonsubstrates.

We used sonoporation to deliver calcein as a fluorescent model
compound of a membrane impermeant substrate of the MRP1
transporter protein (42, 43) in HEK-293 cells that overexpress
MRP1 (HEK-MRP1) and in HEK-293 parental cells. Upon de-
livery we monitored calcein efflux and confirmed the cell viability
by exposing the cells to PI 5 min after sonoporation. Ten min after
ultrasound-induced delivery, the fluorescence intensity of calcein
in HEK-293 parental cells that do not express MRP1 exhibited
only a slight decrease (approximately 5%) (Fig. 7 A and C), as
expected. In contrast, we observed approximately 40% decrease
of fluorescence intensity in HEK-MRP1 cells in the same time
period (Fig. 7 B and C). By fitting an exponential decay function
to the calcein fluorescence intensities , we estimated an efflux
rate of (1.08 £ 0.2) - 10~ s~! (n = 4) for the HEK-293 parental
cells and a rate of (7.87 £2.87) - 10™* s~ (n = 15), approxi-
mately eight times faster, for HEK-MRP1 cells.
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Fig. 7. Efflux of membrane-impermeant calcein after sonoporation delivery.
(A) Sonoporation delivered calcein into a HEK-293 parental cell (cell 1),
whereas cell 2, without attached microbubble, had no calcein uptake. Fluor-
escence intensity of calcein in cell 1 remained almost constant after sono-
poration. (B) Sonoporation delivered calcein into a HEK cell that expressed
multidrug-resistant protein 1 (HEK-MRP1) (cell 1), whereas cell 2 had no
calcein uptake. After sonoporation, the fluorescence intensity of calcein in
cell 1 decreased significantly. (C) Normalized intracellular calcein fluores-
cence intensity as function of time after sonoporation, showing significantly
faster decrease in HEK-MRP1 cells (n = 15) than in HEK-293 parental cells
(n=4).
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Therefore, controlled sonoporation can be readily used to
evaluate the effect of intracellular substrates as well as codeliv-
ered molecules on transporter-induced efflux.

Conclusions

We demonstrated controlled single-cell sonoporation by selective
ultrasound excitation of cell-attached microbubbles. Simulta-
neous real-time measurements using patch clamp recording
and fluorescence imaging permitted quantitative assessment of
single-cell sonoporation, such as the size and resealing rate of
individual pores. We demonstrated spatiotemporally controlled
calcium signaling and delivery of cell-impermeant molecules with
subcellular precision, as well as unique use of controlled sono-
poration-mediated delivery, including measuring the cytoplasmic
diffusion coefficient of intracellular nucleic acids and the efflux of
calcein by MRP1.

Future work will focus on delivery of biomolecules relevant to
cellular functions to further develop sonoporation as a new tool
for probing and manipulating the genetic, metabolic, and syn-
thetic contents of selected single cells surrounded by neighboring
cells, without exposing all cells to permeabilizing drugs that cause
gross modification and complete disruption of processes and
structures.

Materials and Methods

Cell Lines. Human embryonic kidney (HEK-293) cells (provided by Y. E. Chen,
University of Michigan, Ann Arbor, MI) were grown in a humidified incubator
at 37°C and 5% CO, in DMEM supplemented with 10% FBS and 1% peni-
cillin/streptomycin. HEK-293 cells transfected with the empty pcDNA3.1 vec-
tor (HEK-293 parental cells) and pcDNA3.1 vector containing ABCC1/MRP1
(HEK-MRP1 cells) (provided by S. V. Ambudkar, National Institutes of Health,
Bethesda, MD) were maintained in a humidified incubator at 37°C and
5% CO, in DMEM supplemented with 10% FCS, 1% penicillin/streptomycin,
and G418 (0.8 mg/mL) (44). Cells were seeded in a glass-bottom Petri dish
(MatTek) 1 day before experiments. Cell-viability assays were performed
by incubating the cells with calcein-AM (1 pM; Invitrogen) at temperature
22-25°C for 1-2 min in darkness before fluorescence imaging.

Microbubbles, Ultrasound, and Videomicroscopy. Targestar™-SA microbubbles
(Targeson) were conjugated at room temperature to biotinylated anti-
human CD51 antibody (Biolegend) in Dulbecco’s PBS for 20 min, with a molar
ratio of 10:2 for microbubbles (5 - 108 mL~") and antibody (0.01 mg/mL).
Then, 20-uL of the mixture was added in the cell-seeded dish immediately
after removal of the medium. The dish was flipped upside down to allow the
bubbles to float up to the cells to facilitate binding. After 10 min, unbound
bubbles were removed by washing and the dish was refilled with Dulbecco’s
PBS for experiments.

An ultrasound transducer (1.25 MHz, diameter 1/4 inch; Advanced
Devices), driven by a function generator (33250A; Agilent Technologies)
and a power amplifier (75A250; Amplifier Research), was positioned at a 45°
angle (to avoid the formation of standing waves and permit unobstructed
microscopic imaging) with its active surface submerged in the medium 7 mm
(Rayleigh distance) from the cells (Fig. 1A). The transducer was calibrated in
free field in water using a calibrated 40-pm needle hydrophone (HPMO04/1;
Precision Acoustics). The acoustic pressure at the location of bubble/cell men-
tioned in this work accounted for reflection from the dish bottom.

A high-speed camera (Photron FASTCAM SA1; frame rate up to
200,000 frames/s) and an ultrafast camera (Specialized Imaging Multi-Chan-
nel Framing Camera SIM02; 2-4 Mframes/s) were used to monitor ultrasound
excitation of microbubbles.

Patch Clamp Recording. Patch electrodes with resistances of 2.0-4.0 MQ were
fabricated from borosilicate glass using a P87 puller (Sutter Instruments). The
pipette solution consisted of (in mM): 130 KCl, 2 MgCl,, 10 Hepes, 2 ATP, and 0.2
GTP, with pH titrated to 7.2 using KOH. The bath solution consisted of (in mM):
140 Nadl, 5 KCl, 2 CaCl,, 2 MgCl,, 10 Hepes, and 5 glucose, with pH adjusted to
7.3 using NaOH. A single cell was voltage clamped (—-80 mV) in a whole-cell
configuration to record TMC using an Axonpatch 200B amplifier (Molecular
Devices), with the whole-cell capacitance at 10-15 pF. Series resistance and
membrane capacitance were compensated during recording. Data were digi-
tized using an ITC-16 interface and Pulse 8.80 software (HEKA Instruments).

Fan et al.
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Fluorescence Microscopy. To detect cell membrane disruption, Pl (668 Da,
100 pM; Sigma Aldrich) was added to the medium before ultrasound appli-
cation. For ratiometric calcium imaging, cells were loaded with Fura2-AM by
incubating with the dye for 60 min at 37 °C with Pluronic F-127 (0.05%
vol/vol of 10% wt/vol) to facilitate intracellular loading. Extracellular Fura-
2AM was removed by washing three times before experiments. For efflux
measurements, calcein (100 pM; Invitrogen) was added before ultrasound
application. After sonoporation, the cells were washed three times before
fluorescence imaging.
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