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Abstract

Manipulation of cellular functions and structures by introducing genetic materials inside cells has
been one of the most prominent research areas in biomedicine. Acoustic-transfection with high
frequency ultrasound has recently been developed and confirmed by intracellular delivery of small
molecules into HeLa cell at single-cell level with high cell viability. After we proved the concept
of acoustic-transfection technique, intensive investigation of treatment conditions between
different human cancer cell lines has been performed to further develop acoustic-transfection as a
versatile and adaptable transfection method by satisfying requirements of high delivery efficiency
and cell membrane permeability with minimal membrane disruption. To determine optimal
treatment conditions for different cell lines, we developed a quantitative intracellular delivery
score (IDS) based on delivery efficiency, cell membrane permeability and cell viability after 4 and
20 hours of treatment. The intracellular delivery of macromolecule and simultaneous intracellular
delivery of two molecules with optimal treatment conditions were successfully achieved. We
demonstrated that DNA plasmid was delivered by acoustic-transfection technique into epiblast
stem cells, which expressed transient mCherry fluorescence.
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Introduction

The intracellular delivery of cell membrane-impermeable molecules into the cytoplasm of
cells has been one of the most attractive areas of research in biomedicine (Chen 2010;
Glover et al. 2005; Kim et al. 2009; Leader et al. 2008; Shi et al. 2015). Controlling cellular
functions and structures through delivering exogenous therapeutic or genetic materials into
cells enables the exploration for visualization of specific cellular structures (Herce et al.
2013), analysis of cell mechanisms (Weill et al. 2008), and treatment of genetic diseases
(Nabel et al. 1990). In these applications, investigations into unique expression profiles
between individual cells at the single-cell level have had an increased emphasis on
elucidation of potentially undetected particular cellular functions and structures of individual
cells, and cell-to-cell interaction within a cell population (Chattopadhyay et al. 2014; Hoppe
et al. 2014; Wang et al. 2009). A range of techniques such as virus-mediated transfection
(Tanaka et al. 1997), lipid-mediated transfection (Felgner et al. 1987), microinjection
(Meacham et al. 2014; Mehier-Humbert et al. 2005), electroporation (Escoffre et al. 2007;
Mehier-Humbert et al. 2005; Palanker et al. 2006), and optical transfection (Mehier-
Humbert et al. 2005; Watanabe et al. 2007; Zeira et al. 2006) to deliver foreign molecules
into cells has been developed. Virus-mediated transfection is highly efficient, while viral
vectors possess a limited packaging capacity and sometimes cannot be specifically
integrated into the target cell. Lipid-mediated transfection has relatively low toxicity;
however, transfection efficiency largely relies on cell types and culture conditions.
Microinjection is straightforward and efficient, while this technique requires direct
perforation of cell membranes, which may lead to physical damage to the cells.
Electroporation and optical transfection have relatively high transfection efficiency;
however, these methods may cause irreversible membrane damage under the influence of
electrical fields and shorter wavelengths of laser radiation, respectively. Therefore, there is
still a need for the development of approaches which are capable of simultaneously
satisfying the requirements of high transfection efficiency, minimal cytotoxicity, and single-
cell selectivity independent of cell types and transfer molecules (Antkowiak et al. 2013;
Kawamura et al. 2009; Kim et al. 2010; Kollmannsperger et al. 2016; Nishikawa et al. 2008;
Sharei et al. 2013).

Acoustic-transfection with high frequency ultrasound was developed in our laboratory as a
new transfection method for delivering membrane-impermeable molecules into the
cytoplasm of cells at ultrasound frequencies higher than 150 MHz (Yoon et al. 2015, 20163,
2016bh, 2017). A tightly focused high frequency ultrasound beam physically stretches cell
lipid bilayer on plasma membranes, which generates transient and reversible holes on the
cell membranes. The focused ultrasound beam was on only for a single ultrasound pulse of a
few microseconds within an area of approximately 10 um in diameter, which might result in
the formation of a physical pathway for introducing membrane-impermeable molecules into
cell cytoplasm and passive diffusion driven by the concentration gradient across transiently
generated holes. We have also developed an impedance matching network to optimize
excitation frequency of transducers (Kim et al. 2016). Acoustic-transfection technique was
confirmed by the live-cell fluorescence imaging of the time-based intensity changes of
delivered Ca2* and propidium iodide (P1) molecule, and 3 kDa dextran labeled with Alexa
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488 into HeLa cells at single-cell level. In addition, acoustic-transfection targets cells
remotely with minimum cell toxicity (Yoon et al. 2016a, 2016b).

Additional experiments were necessary to determine the optimal acoustic-transfection
conditions, which enable the acoustic-transfection technique to be a versatile and viable
transfection tool. Optimal treatment conditions for the acoustic-transfection technique across
different cell types and molecules were needed to achieve high delivery efficiency and high
cell membrane permeability with minimizing membrane disruption.

In this paper, we give a detailed description of how optimal treatment conditions were
determined to achieve high delivery efficiency with low cytotoxicity. Investigation into
optimal treatment conditions of acoustic-transfection using high frequency ultrasound was
performed on four human cancer cell lines; human cervical cancer cell (HeLa), Michigan
cancer foundation-10A (MCF-10A), Michigan cancer foundation-7 (MCF-7), and M.D.
Anderson-metastatic breast 231 (MDA-MB231). To find optimal treatment conditions, a
criterion termed “intracellular delivery score (IDS)” was proposed and calculated from
results—obtained on four human cancer cell lines—of (1) the delivery efficiency, (2) a cell
membrane permeability study—which was measured by fluorescence intensity of propidium
iodide (PI) after treatment on target cells—and (3) a cell viability study after 4 and 20 hours
of treatment under different treatment conditions and a control condition. Adjustable
parameters for acoustic-transfection were peak-to-peak voltage (Vpp), treatment time (Ty)
and number of cycles and used at 6 different V, for 6 different Ty with 1 cycle. After
performing live-cell fluorescence imaging of treated cells, the fluorescence intensity changes
of Pl inside treated cells under different treatment conditions were compared to those of
background fluorescence intensity to quantify and calculate delivery efficiency and cell
membrane permeability based on IDS. The cell viability study—the results of which were
needed to compute IDS—was performed with a LIVE/DEAD Cell Imaging kit after 4 and
20 hours following the treatment. The IDS was plotted with respect to six values of Vp, at
each of the six values of Ty in intracellular delivery graph (IDG) for easier viewing. We have
chosen optimal treatment conditions if IDS is larger than 9 points in IDG, which indicates
high delivery efficiency and high cell membrane permeability with minimum effects on
cells. We conducted experiments on the intracellular delivery of 70 kDa dextran labeled with
Oregon Green and simultaneous intracellular delivery of two molecules such as 70 kDa
dextran and PI into the four human cancer cell lines using the optimal treatment conditions.
By using one of the optimized treatment conditions, mCherry expressing DNA plasmid was
delivered into epiblast stem cells to further confirm the performance of acoustic-transfection
technique.

Materials and Methods

High frequency ultrasonic transducer and impedance matching network (IMN)

A single element lithium niobate (LiNbO3) high frequency ultrasonic transducer was
designed and fabricated with a previously reported approach (Lam et al. 2013). The aperture
size and f,ymper Of the fabricated ultrasonic transducer was 1 mm and 1, respectively. For the
optimization of power transfer and efficiency by minimizing reflections between the
ultrasonic transducer and the excitation source, custom-built impedance matching network
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(IMN) was developed. After determining the suitable topology and component values of
IMN using the Smith chart, IMN was optimized with a topology (series-added capacitor /
shunt-added inductor) and component values (22 pF / 22 nH), and thus it was integrated with
the ultrasonic transducer. A detailed description of the IMN optimization process for the
high frequency ultrasonic transducers is demonstrated. (Kim et al. 2016). Figure 1a shows
the pulse-echo waveform and echo spectrum obtained from the ultrasonic transducer with
IMN and Figure 1b shows a B-mode wire target image along with the axial and lateral
brightness profiles which were measured by scanning a 2.5 um diameter tungsten wire target
with a pulser/receiver generating energy of 1 pJ, receiver gain of 10 dB, pulse repetition
frequency of 200 Hz, high pass filter of 30 MHz, and low pass filter of 300 MHz.. The
measured center frequency, axial and lateral resolutions were 182 MHz, 21 um and 9 um,
respectively.

Acoustic-transfection system with controllable treatment conditions

Cell culture

The acoustic-transfection system consists of fluorescence microscope and acoustic pulse
generation system as shown in Figure 2. A fluorescence microscope (Leica DMI 4000B,
Germany) was used to monitor fluorescence intensity changes of the treated cells, and was
integrated with the tightly focused high frequency ultrasonic transducer with impedance
matching network (IMN). A three dimensional linear translation/rotation stage controlled by
a customized LabVIEW program was used to accurately place the location of the transducer
during the experiments. The focus of the transducer was co-aligned with the focus of an
objective lens of the microscope using a pulser/receiver and an oscilloscope. Acoustic pulses
were generated by a function generator and a 50 dB power amplifier with controllable
treatment conditions including peak-to-peak voltage (Vpp) and treatment time (Ty). The 6
different Vpp, of 12V, 15V, 18V, 21V, 24V, and 27V with 6 different T, of 6us, 12us, 18ys,
30us, 60us, and 90us with 1 cycle were used.

HelLa, MCF-10A, MCF-7, MDA-MB231 cells were used in these studies. HeLa cells were
cultured in eagle’s minimum essential medium (EMEM) supplemented with 10% fetal
bovine serum (FBS). MCF-7 and MDA-MB231 cells were cultured in dulbecco’s modified
eagle’s medium (DMEM) supplemented with 10% FBS and 1% penicillin streptomycin.
MCF-10A cells were cultured in mammary epithelial cell growth medium (MEGM Bullet
Kit, Lonza, Basel, Switzerland) supplemented with 100 ng/ml cholera toxin (Sigma-Aldrich,
St. Louis, MO). These cells were incubated in a humidified atmosphere of 5% CO» at 37°C
and routinely sub-cultured in T25 vented-top culture flasks from two to three times per
week. Cells were seeded in 35 mm grid petridishes (ibidi, Martinsried, Germany) with 2 mL
of complete culture medium and incubated 36 hours in a humidified atmosphere.

Epiblast stem cells were cultured in Dulbecco’s Modified Eagle Medium supplemented with
10% FBS, 1% MEM nonessential amino acids (Invitrogen), 0.1 mM pB-mercaptoehanol
(Invitrogen), 20 ng/mL of Activin A, 20 ng/mL of fibroblast growth factor, and 2.5 pM of
IWR-1. Epiblast stem cells were incubated in 5% CO, at 37 C condition. For acoustic-
transfection of mCherry plasmids, epiblast stem cells were seeded in 35 mm grid petridishes

Ultrasound Med Biol. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 5

24 hours before the experiments. The concentration of the mCherry plasmids were 100
ng/ul.

Live-cell fluorescence imaging and intracellular delivery score (IDS) for optimal treatment
conditions

The effects of applied acoustic pulses on cells were recorded by using microscope imaging
software (Leica LAS AF, Buffalo Grove, IL). We gently washed the cell monolayer on the
prepared petridishes twice with 2 ml of phosphate-buffered saline (PBS), and added 50 uM
of the propidium iodide (PI) solution to the cell monolayer. Live-cell fluorescence imaging
was performed to quantify time-resolved PI fluorescence intensity and to compare the
intensity between (1) before treatment which was related to PI(0) at 0 second and (2) after
3-5 minutes of treatment which was related to P1(o0) at steady-state. To extract quantitative
information in a region of interest (ROI) in treated single cell, we performed imaging
processing from live-cell fluorescence images by subtraction of a background region (ROB)
next to ROI, which was previously described in references (McCloy et al. 2014; Ophir et al.
2013). Then, we averaged the effects of physical characteristics of cell size to directly check
Pl intensity comparison of individual cells among different human cancer cell lines even if
the cells did not share similar physical characteristics including cell size. Consequently, the
averaged Pl intensity was calculated by using the following equation. The number of treated
cells at each treatment condition was more than 5.

[(ID_ ROI (0)—A_ ROI - F- ROB (00))—(ID- ROI (0)—A_ ROI - F_ ROB (0))]
PIaveraged intensity = A_ROI

M

where Integrated density (ID) is the sum of the fluorescence intensity values of selected
regions, area (A) is the selected regions in square pixels, mean fluorescence (£) is the
average fluorescence intensity value of selected regions, ID_ROI(0) is the integrated
density in ROI at steady-state, ID_ROI(0) is the integrated density in ROI at 0 second,

A ROl is the area in ROI, #_ROB (o) is the mean fluorescence in ROB at steady-state, and
F_ROB (0) is the mean fluorescence in ROB at 0 second.

For the cell viability study, the effects of treatment conditions and a control condition (0V /
Ous) on four human cancer cell lines were systemically investigated. After acoustic pulses
were applied to the cells on the prepared petridishes, the monolayer was washed twice with
2 ml of PBS, and incubated with 2 ml fresh cell culture medium in a humidified atmosphere
for 4 and 20 hours. Before acquiring live-cell fluorescence imaging, the cells were washed
twice with 2 ml of PBS and stained with a LIVE/DEAD Cell Imaging kit (Life Technologies
Corp., Carlshad, CA) according to the manufacturer’s instructions. Numbers of treated cells
at each treatment condition were more than 6.
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Table 1 gives the proposed criterion for intracellular delivery score (IDS) to find optimal
treatment conditions using propidium iodide (PI). IDS considered delivery efficiency (D)
and cell membrane permeability (P) in % out of 190 cells to assess the efficiency of
acoustic-transfection technique for each cell line. Also, viability (V) after 4 and 20 hours of
treatment in % out of 228 cells was used to estimate the safety of the acoustic-transfection
technique. The percentage of delivery efficiency (D) was defined as the onset of small
transient holes on cell membrane and calculated as the ratio of the number of delivered cells
showing minimum propidium iodide (PI) intensity to the total number of the treated cells.
The minimum P1 intensity for calculating the percentage of delivery efficiency (D) was 0.01
arbitrary units (a.u.) of the averaged PI intensity because the value was a starting point, e.g.
threshold of onset of small transient holes on cell membrane, to see delivery effects
generated by high frequency ultrasound. Also, below 0.01 was very difficult to discern
delivery effects because fluorescence level in region of interest (ROI) was very similar to
fluorescence level in region of background (ROB) and there were no responses on treated
cells at the time of treatment. The cell membrane permeability (P) was calculated and
categorized according to the amount of the averaged PI intensity. The percentage of cell
viability (V) was calculated as the ratio of the number of live cells to the total number of the
treated cells. The final IDS was computed using a sum of the calculated values on the
percentage of delivery efficiency (D), cell membrane permeability (P), and cell viability (V)
according to the criterion defined for the IDS. We plotted IDS with respect to different Vi,
at each of different T; to clearly observe the effect on cells, which is intracellular delivery
graph (IDG). The optimal treatment conditions were selected when IDS was above 9 on
IDG.

Intracellular delivery of macromolecules and simultaneous intracellular delivery of two
molecules using optimal treatment conditions

Now, we used optimal treatment conditions for the intracellular delivery of a 70 kDa dextran
labeled with Oregon Green and simultaneous intracellular delivery of two molecules (70
kDa dextran and propidium iodide (PI)) into four kinds of human cancer cell lines. We
added 35 pM of 70 kDa dextran solution for 70 kDa dextran intracellular delivery or 35 pM
of 70 kDa dextran solution and 50 uM of the PI solution for simultaneous intracellular
delivery to the cell monolayer. Before the treatment, bright-field images were acquired and
then acoustic pulses were applied to the targeted cells. After the treatment, the monolayer
was incubated in a humidified atmosphere for 30 minutes and washed twice with 2 ml of
PBS. Then, bright-field and fluorescence images were taken to track and observe the
presence of macromolecules in the treated cells. The percentage of 70 kDa dextran delivery
efficiency was further calculated as the ratio of the number of delivered cells showing green
fluorescence to the total number of the treated cells for each cell line under different optimal
treatment conditions. Numbers of treated cells under each treatment condition were more
than 5.
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Optimal treatment conditions on human cancer cell lines indicated by intracellular delivery

score (IDS)

Intracellular

A detailed quantitative and mechanistic study was carried out to find optimal treatment
conditions towards high delivery efficient with low cytotoxicity by controlling treatment
conditions of acoustic-transfection given in the supplementary information (see
Supplementary Figs. S1, S2, and S3 online). The intracellular delivery scores (IDS) for
HelLa, MCF-7, MCF-10A and MDA-MB231 cells were calculated for varying treatment
conditions. Figure 3 shows the intracellular delivery graph (IDG) after 4 and 20 hours of the
treatment using the IDS on Hela (Fig. 3a), MCF-7 (Fig. 3b), MCF-10A (Fig. 3c) and MDA-
MB231 (Fig. 3d) cells for easier viewing.

Table 2 gives optimal treatment conditions which yields the IDS larger than 9 for the human
cancer cell lines studied. According to IDS at 4 and 20 hours, optimal treatment conditions
for each cell line were chosen as shown in table 2. These optimal treatment conditions were
selected if cell viability was bigger than 90%.

delivery of macromolecules with optimal treatment conditions

The intracellular delivery of 70 kDa dextran labeled with Oregon Green into HelLa, MCF-7,
MCF-10A and MDA-MB231 cells under optimal treatment conditions is demonstrated in
Figure 4 and the Supplementary information (see Supplementary Fig. S4 online). Left
columns in Figure 4 indicate bright-field images before the treatment, and middle and right
columns in Figure 4 show bright-field and fluorescence images after 0.5 hour of the
treatment, respectively. Diffused green fluorescence was observed in the targeted cells while
neighboring cells have no green fluorescence.

Optimal treatment conditions for simultaneous intracellular delivery of two molecules

Simultaneous intracellular delivery of 70 kDa dextran labeled with Oregon Green and
propidium iodide (PI) into HeLa, MCF-7, MCF-10A and MDA-MB231 cells under optimal
treatment conditions are shown in Figure 5 and the Supplementary information (see
Supplementary Fig. S5 online). The first and second columns in Figure 5 indicate bright-
field images before and after treatment, respectively, and the third and fourth columns in
Figure 5 show fluorescence images of 70 kDa dextran labeled with Oregon Green and Pl
after 0.5 hour of the treatment, respectively, and the fifth columns in Figure 5 show
overlapped images of the two different fluorescence images. It can be seen that delivered
cells in the nucleus region emit red fluorescence due to the binding of Pl molecules with
nucleic acids, while the cytoplasmic staining of 70 kDa dextran labeled with Oregon Green
is clearly observed.

Figure 6 illustrate intracellular delivery efficiency of 70 kDa dextran labeled with Oregon
Green into HeLa, MCF-7, MCF-10A and MDA-MB231 cells under optimal treatment
conditions, respectively. Therefore, the optimal treatment conditions for macromolecules (<
70 kDa) were those that achieved highest percentage of 70 kDa dextran delivery efficiency.
Highest percentages of 70 kDa dextran delivery efficiency were 89% (16/18) with the
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treatment condition of 24V / 30us for HeLa cell, 83% (5/6) and 83% (15/18) with the
treatment conditions are 24V / 30us and 27V / 30ys, respectively for MCF-7 cell, 83% (5/6)
with the treatment condition of 27V / 18us for MCF-10A cell, 72% (13/18) with the
treatment condition of 21V / 30us for MDA-MB231 cell.

Large DNA plasmid delivery into epiblast stem cells

A DNA plasmid which expresses mCherry fluorescence was delivered into epiblast stem
cells using acoustic-transfection. The size of the DNA was 8.9 kb. The delivery condition
was 22V /10 ps with 1 cycle. This condition was selected for safe delivery condition with
high viability of epiblast stem cells. After 24 hours of treatment, treated cells were revisited
and imaged with DIC and RFP channels. Daughter cells of originally treated cell were
expressing mCherry signal as shown in Fig. 7. This result demonstrates that acoustic-
transfection may be used to generate induced pluripotent stem cells by delivering one
reprogramming factor into epiblast stem cell (Kim et al. 2013).

Discussion

In this paper, the exposure regime for optimized and safe intracellular delivery of
macromolecules using acoustic-transfection with high frequency ultrasound is reported.
Previously, acoustic-transfection with high frequency ultrasound successfully demonstrated
the intracellular delivery of some small-sized molecules, which showed capabilities of low
cytotoxicity and remote targeting at single-cell level. We have further conducted the
investigation of treatment conditions to find optimized ultrasound exposure levels that allow
efficient and safe delivery in this paper. Results on the intracellular delivery of a
macromolecule such as 70 kDa dextran into four human cancer cell lines were acquired to
determine whether acoustic-transfection is dependent on cell types and molecules to be
delivered (Fan et al. 2013, Guzman et al. 2001; Karshafian et al. 2009; Zeira et al. 2003). In
order to shed light on these unresolved issues, the optimal treatment conditions of acoustic-
transfection were determined, and utilized for the intracellular delivery of 70 kDa dextran
labeled with Oregon Green and simultaneous intracellular delivery of two molecules namely,
70 kDa and propidium iodide (PI) to assess the acoustic-transfection as a method for
efficient delivery of therapeutic or genetic materials. As described in Table 1 (see Materials
and Methods for details), three parameters i.e., delivery efficiency, cell membrane
permeability, and cell viability after 4 and 20 hours of the treatment were considered to
determine the intracellular delivery score (IDS). The most crucial determinant factor among
the three parameters is the cell viability. According to previously published studies, it has
been reported that the highest percentage of 70 kDa dextran delivery efficiency was from
30% to 72% and at the same time, cell viability was less than 90% (Larina et al. 2005;
Sharei et al. 2013; Song et al. 2015). In contrast, Figure 6 shows the highest percentage of
70 kDa dextran efficiency ranged from 72% to 89% and at the same time, cell viability was
bigger than 90%. Therefore, the proposed criterion for the intracellular delivery score (IDS)
enables the determination of optimal treatment conditions in various molecular size ranges
from small-molecules to macromolecules by satisfying high delivery efficiency with
minimal cell membrane disruption.
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In this approach, our hypothesis was that it was possible to use a tightly focused high
frequency ultrasound beam to disrupt the structural integrity of cell membranes and perhaps
generate transient and reversible holes on cell membranes with merely the dose of a single
ultrasound pulse of a few microsecond duration focused into an area of approximately 10 um
in diameter. The ultrasound energy may result in the formation of a physical pathway for
introducing membrane-impermeable molecules into cell cytoplasm and passive diffusion
driven by the concentration gradient across transiently generated holes. The hypothesis was
further supported by intensive investigation of treatment conditions between different human
cancer cell lines, intracellular delivery of a molecule from small-molecules to
macromolecules, and simultaneous intracellular delivery of two molecules.

The dynamic behaviors of cell plasma membrane correlated with various treatment
conditions were classified into four processes based on the intensive investigation of
treatment conditions. First, the effects of the smallest Vp, and/or shortest T; were observed
for the lowest percentage of delivery efficiency, the lowest cell membrane permeability, and
the highest percentage of cell viability, suggesting that the treatment conditions were not
sufficient to induce significant disruption of cell membranes and deliver membrane-
impermeable molecules into the cytoplasm of cells. Second, a slight increase in V,, and/or
T, resulted in the disturbance of cell membranes and perhaps generation of small-scale
transient holes on the cell membrane, diffusion-driven transport, and immediate sealing of
the holes in the ruptured membrane, which allowed intracellular delivery of exogenous
small-molecules (Yoon et al. 2016a) such as Ca%* and propidium iodide (PI). Third, as Vpp
and/or T; were increased up to the threshold point of cell death from the second treatment
conditions, increased disruption of cell membranes, passive diffusion across transiently
generated holes, and sealing of the transient holes in the disturbed cell membrane were
confirmed by intracellular delivery of small-molecules, macromolecules such as 3 kDa
dextran and 70 kDa dextran, and even two molecules including Pl and 70 kDa dextran.
Fourth, the cell responses exposed to highest VV,, and/or longest Ty exhibited a remarkably
high percentage of delivery efficiency, high cell membrane permeability; however, the
lowest percentage of cell viability. It was postulated that these treatment conditions were
sufficient to disrupt cell membranes and to prevent transient holes on the membrane from
sealing themselves quickly, leading to permanent opening of the holes on the cell membrane
and irreversible membrane damage. It can be estimated that 70 kDa dextran is bigger than
the size of the nuclear envelope because fluorescent intensity from 70 kDa dextran labelled
with Oregon green was much weaker in nuclear region as shown in in Figures 4 and 5, and
Supplementary Figs. S4 and S5. Delivered cells in the nucleus region emitted red
fluorescence with binding of PI to nucleic acids; on the other hand, the cells were mostly
stained with 70 kDa dextran in cytoplasm region rather than nucleus region. A small amount
of diffusion-driven 70 kDa dextran transport in the nucleus region was likely to have limited
access to the nucleus region due to its molecular size compared with the nuclear membrane
size. These results are in good agreement with previous published studies (Guzman et al.
2002; Larina et al. 2005).

Cell responses of different human cancer cell lines exposed to the treatment conditions were
found to be different, suggesting that optimal treatment conditions may be cell dependent
(Antkowiak et al. 2013; Larina et al. 2005; Mthunzi et al. 2010). For example, for the
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delivery efficiency of 70 kDa dextran, the optimal treatment conditions were 24V / 30ys,
which resulted in 89% delivery for HeLa cell and 83% for MCF-7 cell but only 57% for
MCF-10A cell and 50% for MDA-MB231 cell. We highlighted some possibilities why
different human cancer cell lines showed different responses to the same treatment condition
based on the hypothesis of acoustic-transfection. Since our hypothesis was that the observed
behavior was the result of the creation of a physical pathway in which transient and
reversible holes were generated on the cell membranes, different cell responses might be
attributed to considerably different physical and mechanical properties of human cancer cell
lines including cell membrane recovery time related to elasticity of cell membranes and
diameters of transiently generated holes on the surface of cell membranes determined by the
membrane tensile strength. Therefore, to verify this hypothesis it will be necessary to extend
our study to design and develop a system to allow simultaneous acoustic-transfection and
membrane electrical impedance measurements to determine how the acoustic-transfection
influences membrane dynamics of different cancer cell lines in the future.

There is a limitation of the present study. Measurement of acoustic pressure field for high
frequency ultrasound in the frequency range higher than 60 MHz cannot be performed by
using currently existing technology (Bleeker et al. 2000, Nagle et al. 2013, Umchid et al.
2009). As a result, treatment conditions represented by Vp, and Ty could not directly be
converted to acoustic pressure, intensity, and energy, which has been a controversial issue.
Therefore, the acoustic pressure generated by these tightly focused high frequency ultrasonic
transducers was estimated with a commercial finite element modeling software (PZFlex,
Cupertino, CA), and quantitatively simulated values of acoustic pressure filed at the focus of
the transducer were plotted for treatment conditions of Vp (12V, 15V, 18V, 21V, 24V, and
27V) and Ty (6ps, 12us, 18us, 30us, 60us, and 90us) in the supplementary information (see
Supplementary Fig. S6 online). It was found that the maximum pressures estimated under
ideal conditions at the focal depth of the ultrasonic transducer were approximately 0.86 MPa
(12V / 6ps — 90us), 1 MPa (15V / 6us — 90ps), 1.28 MPa (18V / 6us — 90ps), 1.5 MPa (21V /
6ps — 90ys), 1.7 MPa (24V / 6ps — 90ps), and 2 MPa (27V / 6us — 90us), respectively. The
mechanical index (MI) was further estimated as 0.15 which was calculated by dividing
simulated values of maximum acoustic pressure field (2 MPa) by the square root of the
center frequency (182 MHz) of the high frequency ultrasound beam. The MI of 0.15 was
much lower than the maximum permitted value for the MI of 1.9 under the Food and Drug
Administration (FDA) rules (FDA 1997). However, either the current device will have to be
improved or new devices developed to allow experimental measurement of acoustic
pressure, intensity, and energy for high frequency ultrasound in the range above 60 MHz.
Moreover, we calculated the maximum temperature changes based on the mathematical
modeling techniques (Nyborg. 1981, Cavicchi and O’Brien. 1984; Kim et al. 2017). We used
FDA limitations (MI: 1.9, lgppa: 190 W/cm?2) which may be much higher than our expected
values for Ml and Igpp,, and used maximum treatment time of 90ps. It is noted we used Igppa
instead of Ispt, because intensity of a single ultrasound pulse of a few microseconds was
considered to be the spatial peak value averaged over the duration of the pulse.
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where a is 7.28 dB/cm at 182 MHz. lgpp, is 190 W/cm?2. Atis 90pss. Cy is 4.18 Jicmd °C.
From the estimated value of A 7,4 (0.06 °C), we concluded our approach has the potential
of non-thermal effects with very minor thermal effects.

Controlling cell functions by efficiently and specifically introducing therapeutic or genetic
materials into the targeted single cells with minimal effects on normal cell physiology is
extremely useful for investigating induction of programmed cell death of cancer cells which
is referred to as apoptosis and mapping of cellular signaling pathways (Elmore et al. 2007;
Fesus et al. 1991; Matsushita et al. 2000). In these applications, the capability of single-cell
targeting without significantly affecting surrounding cells is preferred. Since the signal
pathways underlying apoptosis and intercellular interactions among a cell in apoptosis and
its adjacent cells are still poorly understood, careful measurements of intracellular delivery
of molecules including p53 tumor suppressor protein and Ca2* may shed more light on
extracellular and intracellular cell signaling pathways. Once the extracellular and
intracellular signal pathways are precisely known, appropriate strategies on apoptosis-
targeted therapies may be formulated and subsequently translated to clinical medicine for the
treatment of numerous human diseases such as cancer.

Conclusions

A quantitative and mechanistic study of efficient and safe strategies for the optimized
intracellular delivery of macromolecules across cell membranes using the acoustic-
transfection with high frequency ultrasound was carried out. This approach entails the
quantification of cell responses under varying treatment conditions for four human cancer
cell lines, as measured by the intracellular delivery score (IDS) formulated based on the
delivery efficiency, cell membrane permeability, and viability after 4 and 20 hours of the
treatment. The optimal treatment conditions for the acoustic-transfection for the intracellular
delivery of 70 kDa dextran labeled with Oregon Green and simultaneous intracellular
delivery of two molecules, 70 kDa dextran and propidium iodide (P1), into these human
cancer cell lines were determined. mCherry expressing DNA plasmid was delivered into
epiblast stem cells by an optimized treatment condition of acoustic-transfection. The
experimental results show that this approach is a viable tool for transporting molecules and
particles across cell membranes in a safe and efficient manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Mgeasurement of developed ultrasonic transducer with impedance matching network (IMN).
(@) Pulse-echo waveform and echo spectrum of the ultrasonic transducer with IMN.
Measured center frequency was 182 MHz. (b) Measured B-mode image, axial and lateral
resolutions of the ultrasonic transducer with IMN. The axial and lateral resolutions were 21
um and 9 um, respectively.
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Acoustic-transfection system for intracellular delivery of membrane-impermeable molecules
into cells. Fluorescence microscope was used to monitor live-cell fluorescence imaging on
the targeted cells, and acoustic pulse generation system was utilized to precisely focus
ultrasonic transducer with impedance matching network (IMN) and generate acoustic pulses
with controllable treatment conditions such as peak-to-peak voltage (Vpp), treatment time
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Fig. 3.
Intracellular delivery graph (IDG) using the intracellular delivery scores (IDS) after 4 and 20

hours of treatment for different treatment conditions. IDS is plotted on y-axis under six
different V. Six different T, were applied at each V. IDG after 4 and 20 hours was used
to find optimal treatment conditions for (a) HeLa, (b) MCF-7, (¢) MCF-10A, and (d) MDA-
MB231 cell lines.
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Fig. 4.
Intracellular delivery of 70 kDa dextran labeled with Oregon Green using optimal treatment

conditions. Left column indicates bright-field images before the treatment, and middle and
right columns show bright-field and fluorescence images after 0.5 hour of the treatment for
(a) HeLa, (b) MCF-7, (c) MCF-10A, and (d) MDA-MB231 cell lines. Arrows show treated
cells and scale bars indicate 40 pm.
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Fig. 5.
Simultaneous intracellular delivery of 70 kDa dextran labeled with Oregon Green and

propidium iodide (PI) under optimal treatment conditions. The first and second columns
indicate bright-field images before and after treatment, respectively, and the third and fourth
columns show fluorescence images of 70 kDa dextran and Pl after 0.5 hour of the treatment,
respectively, and the fifth columns overlapped images of the two different fluorescence
images for (a) HeLa, (b) MCF-7, (c) MCF-10A, and (d) MDA-MB231 cell lines. Arrows
indicate treated cells and scale bars indicate 40 um.
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Fig. 6.

The intracellular delivery efficiency graph of macromolecules (70 kDa dextran labeled with
Oregon Green) under optimal treatment conditions. (a) Highest percentage of 70 kDa
dextran delivery efficiency is 89% (16/18) with the treatment condition of 24V / 30ps for
HeLa cell. (b) Highest percentage of 70 kDa dextran delivery efficiency of 83% (5/6) and
83% (15/18) under treatment conditions are 24V / 30us and 27V / 30ys, respectively for
MCEF-7 cell. (c) Highest percentage of 70 kDa dextran delivery efficiency is 83% (5/6) under
the treatment condition of 27V / 18us for MCF-10A cell. (d) Highest percentage of 70 kDa
dextran delivery efficiency of 72% (13/18) under the treatment condition of 21V / 30ys for
MDA-MB231 cell.
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Fig. 7.

Ti?e intracellular delivery of mCherry plasmid into epiblast stem cells using acoustic-
transfection. (a) DIC, (b) RFP, and (c) combined images of epiblast stem cells indicate that
mCherry plasmids (8.9 kb) was successfully delivered into the target cell by acoustic-
transfection. A scale bar indicates 20 pm.
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