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Abstract

Gene therapy is a promising strategy for treating various diseases. However, its application
remains limited by inefficient intracellular delivery, particularly in difficult-to-transfect
cells such as triple-negative breast cancer (TNBC). Ultrasound-mediated gene delivery has
emerged as a non-invasive approach to enhance membrane permeability, but its efficiency
and safety depend strongly on acoustic parameters. In this study, we systematically
investigated the effects of ultrasound intensity, pulse repetition frequency (PRF), duty
cycle, and exposure time on gene delivery efficiency and cytotoxicity in 4T1 murine TNBC
cells using microbubble-mediated sonoporation. Gene expressions were evaluated using a
luciferase assay, and cell viability was assessed using an MTT assay. Total acoustic energy
was calculated to analyze the relationship between cumulative ultrasound exposure and
biological responses. Increasing total acoustic energy was associated with enhanced gene
expression and reduced cell viability. However, gene expression increased only up to
a certain level and then showed no further substantial increase, whereas cell viability
continued to decline. Parameter-specific analysis further indicated that biological responses
were not determined by total acoustic energy alone. These findings suggest that both
cumulative acoustic energy and individual ultrasound parameters should be considered
when optimizing ultrasound-mediated gene delivery to balance transfection efficiency
and cytotoxicity.

Keywords: ultrasound; gene delivery; acoustic parameters; microbubbles

1. Introduction
Gene therapy has gained increasing attention as a promising approach for the treat-

ment of a wide range of diseases, including cancer, genetic disorders, and regenerative
conditions [1,2]. By delivering therapeutic nucleic acids into target cells, gene therapy
enables precise regulation of cellular functions. However, the successful application of
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gene therapy remains limited by the lack of efficient and safe delivery systems capable of
overcoming the inherently low permeability of the cellular membrane to macromolecules,
which restricts intracellular delivery of nucleic acids [3,4].

In particular, this limitation becomes more pronounced in certain cancer cell types,
such as triple-negative breast cancer (TNBC), which are considered difficult to transfect
due to their low membrane permeability and intrinsic resistance to intracellular uptake of
macromolecules [5–7]. As a result, the effectiveness of conventional non-viral gene delivery
approaches, including lipid-based and polymer-based carriers, is significantly reduced,
as these systems largely rely on endocytosis-dependent mechanisms [8–10]. Therefore,
strategies that can enhance membrane permeability in a controlled and non-invasive
manner are required to improve intracellular gene delivery efficiency.

Ultrasound-mediated gene delivery, also known as sonoporation, has emerged as a
promising physical method to overcome these limitations [11–13]. Ultrasound can induce
mechanical effects, particularly cavitation, which temporarily disrupts the cell membrane
and allows exogenous molecules such as plasmid DNA to enter the cytoplasm [14–16]. The
use of microbubbles (MBs) further enhances this effect by amplifying cavitation activity
under ultrasound exposure, thereby significantly improving transfection efficiency [17,18].

Despite these advantages, the efficiency and safety of ultrasound-mediated gene deliv-
ery remain highly dependent on acoustic parameters, including intensity, pulse repetition
frequency (PRF), duty cycle, and exposure time [19,20]. While higher acoustic energy
can enhance membrane permeabilization and gene uptake, it may also induce excessive
mechanical stress, leading to cell damage or death [21,22]. Conversely, insufficient acoustic
stimulation may result in poor transfection efficiency [23]. Thus, a critical challenge in this
field is to systematically understand how ultrasound parameters influence gene delivery
outcomes and cellular viability.

In this study, we systematically investigated the effects of ultrasound parameters on
gene delivery efficiency and cytotoxicity in 4T1 murine TNBC cells using MB-mediated
sonoporation. By analyzing relationships between ultrasound parameters and biological
responses, we aimed to evaluate how acoustic variables influence transfection outcomes
and cellular viability.

2. Materials and Methods
2.1. Acoustic Field Characterization and MI-Based Selection of Ultrasound Exposure Conditions

As illustrated in Figure 1a, ultrasound was irradiated from beneath the well plate, and
the peak negative pressure might be attenuated due to the presence of the well plate. To
evaluate this ultrasonic attenuation, the pressure was measured with the well plate. The
ultrasonic device, a sonoporator (SP100, Sonidel Ltd., Dublin, Ireland), was used, and the
pressure was measured by varying the intensity displayed on the sonoporator. The signal
processing is detailed as follows. The pressure generated by the transducer was converted
into an electrical signal using a hydrophone (4206, Precision Acoustics Ltd., Dorchester,
UK). This signal was subsequently measured on an oscilloscope (DPO4104, Tektronix Inc.,
Beaverton, OR, USA) through a DC coupler (DCPS950, Precision Acoustics Ltd.). The
acquired signal was then processed and visualized to determine intensity distributions in
both one-dimensional (1D) and two-dimensional (2D) formats using MATLAB (version
26.1, R2026a; MathWorks, Natick, MA, USA).
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Figure 1. Schematic of the ultrasound setup and pressure distribution with a well plate. (a) Experi-
mental setup for acoustic pressure measurement (created with BioRender.com). (b) Graph of peak
negative pressure values as a function of spatial-average temporal peak intensity (ISATP) with well
plate. (c,d). One-dimensional acoustic pressure distributions along the x-axis (c) and y-axis (d), re-
spectively, at 5 W/cm2 intensity with well plate. (e) Two-dimensional acoustic pressure distributions
at 5 W/cm2 intensity with well plate.

To define appropriate ultrasound exposure conditions for subsequent gene de-
livery experiments, the ultrasound intensity range was selected based on the calcu-
lated mechanical index (MI). Detailed information on MI calculation is provided in the
Supplementary Materials.

2.2. Preparation of Microbubbles

The overall MB structure is illustrated in Figure 2a. MBs were prepared using the thin-
film hydration method. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (Lipoid GmbH,
Ludwigshafen, Germany) and N-(Methylpolyoxyethylene oxycarbonyl)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE-PEG 2000) (NOF Corporation, Tokyo, Japan) were
dissolved in 100 µL of chloroform (Daejung Chemicals & Metals Co., Ltd., Siheung-si,
Republic of Korea) at a 9:1 molar ratio, with a total lipid mass of 1 mg. The chloroform
was evaporated overnight to form a thin phospholipid film. The completely dried thin film
was hydrated using 1 mL of Dulbecco’s Phosphate-Buffered Saline (DPBS) without calcium
and magnesium (Biowest, Nuaillé, France) to reach a final lipid concentration of 1 mg/mL.
During hydration, the vial containing the lipid film and DPBS was immersed in a 56 ◦C
water bath and sonicated using an ultrasonic bath sonicator (JAC-5020; KODO Technical
Research Co., Ltd., Hwaseong-si, Republic of Korea). This cycle was repeated three times
to ensure complete dispersion of the phospholipid film. The headspace of the vial was then
replaced with sulfur hexafluoride gas (SF6) for 45 s. Finally, the vials were agitated using a
Vialmix™ shaker (Bristol-Myers Squibb, New York, NY, USA) for 45 s to generate MBs.
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Figure 2. Schematic representation and characterization of microbubbles. (a) Schematic illustration
of a microbubble composed of a phospholipid shell and sulfur hexafluoride (SF6) gas core (created
with BioRender.com). In the schematic, red indicates DSPE-PEG2000 and yellow indicates DSPC.
(b) Optical microscopic image of synthesized microbubbles (scale bar = 2 µm). (c) Size distribution of
microbubbles measured using a Coulter Counter, showing a peak diameter around 1.4 µm.

2.3. Cell Culture

Murine mammary carcinoma (4T1) cells were grown in RPMI 1640 with glutamine
(Biowest, Bradenton, FL, USA) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Biowest), 100 U/mL penicillin (Gibco, Grand Island, NY, USA), and 100 µg/mL
streptomycin (Gibco). Cells were cultured in a 5% CO2 humidified atmosphere at 37 ◦C.

2.4. Plasmid

We constructed luciferase reporters containing the β-catenin 3′ untranslated re-
gion (3′UTR-2, 752nt). The β-catenin 3′UTR-2 was amplified in cDNA synthesized
from SW480 cell-derived RNA. PCR was carried out using Pfu DNA polymerase
(Thermo Fisher Scientific, Waltham, MA, USA; #EP0501) and XbaI-tailed primers: for-
ward 5′-AAATCTAGAATCATCCTTTAGGTAAGAAG-3′ and reverse 5′-AAATCTAGA
GAATGAATTAAAAGTTTAATTC-3′. The amplified β-catenin 3′UTR-2 was cloned into the
XbaI restriction enzyme site of pZeo/Luc vector (a kind gift from Dr. Stephen M. Prescott).
For in vitro transfection experiments, endotoxin-free plasmid DNA of the pZeo/Luc+β-
catenin 3′UTR-2 was prepared using the NucleoBond Xtra Midi EF kit (MACHEREY-
NAGEL, #740420.50, Düren, Germany), following the manufacturer’s protocol.

2.5. In Vitro Ultrasound-Mediated Gene Delivery

The ultrasound parameters used in this study, including intensity, PRF, duty cycle, and
exposure time, are illustrated in Figure 3. Intensity represents the amplitude of acoustic
pressure, PRF determines the repetition rate of pulses, duty cycle defines the fraction of
time during which ultrasound is actively delivered within each cycle, and exposure time
corresponds to the total duration of ultrasound application.

Based on these parameters, the experimental procedure for ultrasound-mediated gene
delivery is schematically depicted in Figure 4a. 4T1 cells were seeded at 2 × 104 cells/well
in the 24-well plates, every second row and column, to prevent interaction of ultrasound
irradiation. After 24 h incubation, each medium in the well was removed, and media
(500 µL) with plasmid DNA (0.5 µg) and MBs (50 µL) were added to each well. The cells
were then exposed to ultrasound using the sonoporator. Ultrasound parameters varied by
changing the intensity, PRF, duty cycle, and exposure time. The control group consisted
of untreated 4T1 cells without plasmid DNA, MBs, or ultrasound irradiation. Additional
baseline control groups, including DNA alone, DNA + MB, and DNA + US, were evaluated
and are presented in the Supplementary Materials. Each group was conducted with n = 4.
At 6 h after ultrasound irradiation treatment, the media in the wells were replaced with
new medium. The cells were incubated at 37 ◦C for 18 h before the in vitro luciferase assay
and MTT assay.
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Figure 3. Schematic illustration of ultrasound exposure parameters. Acoustic intensity, PRF, duty
cycle, and exposure time were used to define ultrasound exposure conditions.

2.6. Luciferase Assay

For luciferase activity measurements, the cells were lysed in the lysis buffer (Luciferase
Cell Culture Lysis 5× Reagent, Promega, Madison, WI, USA), and the cell lysate was moved
to the 96-well plate. Luciferase activity was measured using a luciferase assay system (Dual-
glo® Luciferase Assay System, Promega) and a multi-mode microplate reader (SpectraMax
iD3, Molecular Devices, San Jose, CA, USA). To minimize the influence of differences in
cell viability among treatment conditions, luciferase activity was normalized to the total
protein amount of each well. The total protein amount of each well was measured using
a BCA protein assay system (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific,
Rockford, IL, USA) and the multi-mode microplate reader. Luciferase activity is reported
as the mean of relative light units (RLUs) per mg protein obtained from each well.

2.7. Cytotoxicity Assay

To assess the effects of ultrasound irradiation on cell viability, an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) assay was performed.
After 24 h post-ultrasound irradiation treatment, 12 mM MTT (Invitrogen, Eugene, OR,
USA) dissolved in PBS was added to the cells (50 µL/well), and the cells were incubated
at 37 ◦C for 4 h. Then, 100 µL of the SDS-HCl solution was added to each well. After 4 h
in a humidified chamber, the cells were moved to the 96-well plate, and the absorbance at
570 nm of each well was measured using the multi-mode microplate reader.

2.8. Analysis of Total Acoustic Energy

To further analyze the relationship between ultrasound exposure conditions and
biological responses, total acoustic energy was calculated based on the applied ultrasound
settings. Ultrasound exposure consisted of pulsed sonication defined by acoustic intensity
(I), pulse repetition frequency (PRF), duty cycle (DC), and exposure time (T) (Figure 3).

The total acoustic energy delivered during treatment was calculated as:

Total acoustic energy = I × DC × T

For total acoustic energy calculations, duty cycle was converted from percentage to
fractional form by dividing by 100, allowing the resulting value to be expressed in J/cm2.
This parameter represents the cumulative acoustic energy delivered to the target during
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sonication. To evaluate the relationship between each ultrasound parameter and total
acoustic energy, experiments were performed by varying a single parameter while keeping
all other acoustic conditions constant. This approach enabled independent assessment of
the effect of each experimental variable on the resulting total acoustic energy.

Figure 4. Gene transfection efficiency and cell viability under different ultrasound parameters.
(a) Schematic representation of methods of in vitro ultrasound-mediated gene delivery and analysis
in a 24-well plate (created with BioRender.com). Effect of acoustic intensity (0.5, 1, and 1.5 W/cm2)
on luciferase expression (b) and cell viability (c). Effect of pulse repetition frequency (PRF, 10 and
100 Hz) on luciferase expression (d) and cell viability (e). Effect of duty cycle (10%, 20%, and 50%) on
luciferase expression (f) and cell viability (g). Effect of ultrasound exposure time (30, 60, and 90 s) on
luciferase expression (h) and cell viability (i). Luciferase activity is presented as relative light units
(RLU) per mg protein, and cell viability is expressed as a percentage of control. Data are presented as
mean ± SD (n = 4). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns, not significant.
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2.9. Statistical Analysis

All in vitro data were expressed as mean ± SD. Statistical significance between groups
was determined using one-way ANOVA followed by Tukey’s HSD test. Statistical signifi-
cance was defined as p < 0.05. All analyses were performed using GraphPad Prism (v9.4,
GraphPad Software, Inc., San Diego, CA, USA).

3. Results
3.1. Assessment of Ultrasound Attenuation by the Well Plate

To evaluate the efficiency of gene transfer induced by ultrasound irradiation, we cul-
tured cells on a well plate and applied ultrasound from the bottom of the plate. Ultrasound
penetrates the culture plate to reach the cells. Therefore, we examined whether the presence
of a well plate affected ultrasound attenuation (Figure 1a). Figure 1b shows the peak
negative pressure measured depending on the intensity of the sonoporator. The results
demonstrated that the peak negative pressure increased dependently with increasing in-
tensity. The detailed acoustic pressure and corresponding MI values are summarized in
Table S1.

The mechanical index (MI) was calculated from the measured acoustic pressure and the
transducer center frequency to evaluate cavitation potential. Previous studies have shown
that MI values between 0.05 and 0.2 do not significantly affect MB concentration, values
in the range of 0.2–0.3 increase to compression relative to expansion, and values above
0.3 lead to a rapid decrease in the MB population [24–26]. Considering these observations,
ultrasound intensities of 0.5, 1, and 1.5 W/cm2 corresponding to MI values of 0.205, 0.293,
and 0.355, respectively, were selected as parameter conditions for subsequent gene delivery
experiments. Analysis of the pressure field showed that the pressure became concentrated
towards the center region, resulting in locally elevated peak pressure values (Figure 1c–e).

3.2. Characterization of Microbubbles

As shown in Figure 2b, the synthesized MBs exhibited a uniform spherical morphology.
The size distribution and number of MBs were measured using a Coulter Counter (Multi-
sizer 4e, Beckman Coulter, Brea, CA, USA) (Figure 2c). The average size of the synthesized
MBs was 1.413 ± 0.246 µm. The number of MBs was 9.97 × 1010 ± 4.94 × 109/mL.

3.3. In Vitro Optimization of US-Mediated Gene Transfer

Before evaluating the effects of individual ultrasound parameters, we first examined
baseline control conditions, including untreated control, DNA alone, DNA + MB, and DNA
+ US groups. No significant differences in luciferase activity or cell viability were observed
among these groups, indicating that DNA, MBs, or ultrasound alone did not substantially
affect reporter expression or cell viability under the tested conditions (Figure S1). Based on
these baseline results, we next evaluated the effects of ultrasound (US) parameters on gene
transfection efficiency and cell viability in 4T1 cells using luciferase-expressing plasmid
DNA (pZEO luc 3′UTR-2) in combination with MBs. Luciferase activity was measured
24 h after ultrasound exposure, while cell viability was assessed using the MTT assay. The
effects of each parameter on gene transfection efficiency and cell viability are shown in
Figure 4.

To determine the optimal acoustic intensity, cells were exposed to ultrasound at a center
frequency of 1 MHz, PRF of 100 Hz, duty cycle of 20%, and exposure time of 60 s, while
varying the acoustic intensity from 0.5 to 1.5 W/cm2. As shown in Figure 4b, luciferase
activity significantly increased with increasing acoustic intensity. The highest transfection
efficiency was observed with 1.5 W/cm2, showing approximately 3-fold higher luciferase
activity compared with 0.5 W/cm2. However, increased acoustic intensity also resulted
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in marked cytotoxicity (Figure 4c). In particular, cell viability dramatically decreased at
1.5 W/cm2, reaching below 30% of the control group, indicating that excessive acoustic
exposure induced cellular damage.

The effect of PRF on gene transfection efficiency and cell viability is shown in
Figure 4d,e. Cells were irradiated with ultrasound at a center frequency of 1 MHz, an
intensity of 1 W/cm2, a duty cycle of 20%, and an exposure time of 60 s. Although no sig-
nificant difference in luciferase activity was observed between PRF conditions (Figure 4d),
cell viability decreased with decreasing PRF (Figure 4e). When the PRF was 10 Hz, the cell
viability was lower than 20%.

The ultrasound parameters were fixed at a center frequency of 1 MHz, an intensity of
1 W/cm2, a PRF of 100 Hz, and an exposure time of 60 s, except for the duty cycle. At a
20% duty cycle, luciferase activity reached 5.9 × 104 ± 9.8 × 103 RLU/mg protein, which
was higher than at 10% and comparable to that at 50% (Figure 4f). As shown in Figure 4g,
increasing the duty cycle from 10% to 50% resulted in a significant decrease in cell viability.

The influence of ultrasound exposure time on transfection efficiency and cell viability
is shown in Figure 4h,i. Cells were exposed to ultrasound at a center frequency of 1 MHz,
an intensity of 1 W/cm2, a PRF of 100 Hz, and a duty cycle of 20%. An exposure time of
60 s resulted in higher gene expression than 30 or 90 s (Figure 4h). Meanwhile, cell viability
showed a significant decrease with the increase in ultrasound exposure time (Figure 4i).

3.4. Relationship Between Total Acoustic Energy and Biological Responses

To further investigate the relationship between ultrasound exposure conditions and
biological responses, total acoustic energy was calculated based on the applied ultrasound
settings. The ultrasound conditions used to calculate total acoustic energy are summarized
in Supplementary Tables S2–S4. PRF was fixed at 100 Hz, while intensity, duty cycle,
and exposure time were varied to generate total acoustic energy values of 6, 12, 18, and
30 J/cm2.

As shown in Figure 5a, luciferase expression increased significantly as total acoustic
energy increased from 6 to 12 J/cm2. At higher energy levels of 18 and 30 J/cm2, luciferase
activity remained relatively constant, with no further substantial increase observed. Cell
viability (Figure 5b) showed a gradual decrease between 6 and 12 J/cm2, followed by a
sharp decline at higher energy levels. At 18 J/cm2, viability dropped noticeably, and a
substantial reduction was observed at 30 J/cm2, where cell viability fell below 40%.

To further compare whether the biological responses differed depending on which
ultrasound parameter was varied to generate the same total acoustic energy, the effects of
intensity, duty cycle, and exposure time were analyzed separately (Figure 5c,d). As shown
in Figure 5c, luciferase expression generally increased as total acoustic energy increased
from 6 to 12 J/cm2 regardless of the ultrasound parameter adjusted. However, the response
patterns diverged at higher energy levels. When total acoustic energy was increased by
changing intensity or duty cycle, luciferase expression was maintained or slightly increased
at higher energy levels, whereas increasing exposure time resulted in reduced luciferase
expression at 18 J/cm2. In contrast, cell viability decreased as total acoustic energy increased
regardless of the parameter (Figure 5d). These findings suggest that although total acoustic
energy is associated with both gene expression and cytotoxicity, the biological outcome may
also depend on how this energy is delivered through individual ultrasound parameters.
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Figure 5. Effects of total acoustic energy on ultrasound-mediated gene expression and cell viability.
Luciferase expression (a) and cell viability (b) according to the total acoustic energy. Parameter-
specific effects of total acoustic energy generated by changes in intensity, duty cycle, and exposure
time on luciferase expression (c) and cell viability (d).

4. Discussion
This study systematically evaluated the effects of ultrasound parameters on gene deliv-

ery efficiency and cytotoxicity in 4T1 murine TNBC cells using MB-mediated sonoporation.
The results demonstrate that ultrasound-mediated gene delivery is strongly influenced
by acoustic conditions, including intensity, PRF, duty cycle, and exposure time, which
collectively determine both transfection efficiency and cellular viability.

Prior to assessing biological responses, the potential influence of the well plate on
acoustic propagation was examined. The presence of the well plate resulted in a non-
uniform acoustic field, with acoustic pressure concentrated toward the central region.
Although this spatial heterogeneity was observed, the measured acoustic pressure in-
creased consistently with the applied intensity, following the expected relationship between
intensity and pressure (I ∝ p2) [27], as confirmed by a strong correlation (R2 = 0.998). This
indicates that the overall acoustic pressure was reliably controlled across conditions, despite
local variations in the spatial distribution of the acoustic field.

Systematic evaluation of ultrasound parameters revealed that increasing intensity
significantly enhanced gene expression while simultaneously decreasing cell viability. The
stronger acoustic pressure at higher intensities induces enhanced cavitation, which in
turn intensifies MB dynamics [28]. These dynamic effects exert greater mechanical forces
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on the cell membrane, leading to increased membrane permeabilization. However, such
increased mechanical stress can also disrupt membrane structure and interfere with cellular
equilibrium, thereby contributing to reduced cell viability [29,30].

Likewise, lower PRF (10 Hz) induced more cell damage than the higher PRF
(100 Hz), despite comparable levels of luciferase activity. This indicates that higher PRF,
which corresponds to shorter and more frequent pulses under the same total exposure
duration, may mitigate cellular damage by reducing the energy per acoustic event [31].

In addition to intensity and PRF, duty cycle and exposure time also played critical roles
in balancing transfection efficiency and cell viability. Specifically, increasing the duty cycle
from 20% to 50% led to a notable rise in cytotoxicity without a corresponding improvement
in gene expression. This suggests that a higher duty cycle, which extends the duration of
each acoustic burst, may promote excessive mechanical stress on cells [32], outweighing
any potential gains in transfection. In contrast, a 20% duty cycle provided a more favorable
balance by enabling effective cavitation activity while limiting cumulative energy delivery.

Similarly, ultrasound exposure time exhibited a non-linear effect on transfection and
cell viability. Increasing the duration from 30 to 60 s improved gene expression, but extend-
ing it to 90 s markedly reduced viability, likely due to sustained cavitation-induced stress.
These results are consistent with previous studies showing that prolonged ultrasound
exposure can enhance gene delivery but may also increase cellular damage, depending on
the exposure time [33].

Notably, analysis of total acoustic energy provided additional insight into the rela-
tionship between ultrasound exposure and biological responses. Increasing total acoustic
energy was generally associated with enhanced gene expression and reduced cell viability
(Figure 5). Under conditions where PRF was fixed, higher total acoustic energy reflected
greater overall acoustic input, mainly through increased acoustic intensity. Increased
cumulative acoustic exposure may promote membrane permeabilization by sustaining
ultrasound- and MB-induced mechanical effects over time, thereby facilitating intracellular
plasmid delivery [34]. However, excessive acoustic exposure may also prolong cavitation-
induced mechanical stress, resulting in cellular damage and reduced viability [35,36].

Importantly, total acoustic energy alone did not fully explain the biological outcomes
observed in this study. Although total acoustic energy provides a useful measure of overall
ultrasound exposure, different parameter combinations may generate distinct biological
effects even at comparable energy levels [16]. This is because intensity, PRF, and duty cycle
affect MB behavior in different ways. Acoustic intensity mainly determines the strength
of MB oscillation and cavitation activity, thereby influencing the degree of membrane
permeabilization and cavitation-induced mechanical stress [16,29,34]. In contrast, PRF and
duty cycle are both time-dependent pulse parameters that regulate the temporal pattern
of ultrasound exposure. By determining how frequently acoustic pulses are delivered
and how long ultrasound remains active within each pulse cycle, these parameters can
affect repeated MB activation, cavitation persistence, and the duration of cavitation-related
mechanical effects [11,19]. Therefore, differences in pulse timing and active exposure
duration may alter microstreaming, shear stress, and mechanical stimulation applied to
cells, even when the total acoustic energy is comparable [34,37]. Thus, the biological
response depends not only on the total acoustic energy delivered but also on the temporal
and mechanical pattern by which that energy activates MBs and stresses the cell membrane.

Taken together, these findings suggest that optimization of ultrasound-mediated gene
delivery should consider both cumulative acoustic energy and individual ultrasound
parameters. Beyond a certain exposure level, additional acoustic energy may not propor-
tionally improve gene delivery efficiency and may instead increase cytotoxicity. Therefore,
effective optimization requires selection of acoustic conditions that induce sufficient mem-
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brane permeabilization for gene transfer while minimizing excessive cavitation-related
cellular damage.

5. Conclusions
This study demonstrates that ultrasound-mediated gene delivery in 4T1 murine TNBC

cells is influenced by both cumulative acoustic energy and individual ultrasound parame-
ters. Although increasing acoustic exposure can enhance gene delivery, excessive exposure
reduces cell viability, highlighting the need to balance transfection efficiency and cytotoxi-
city. Importantly, total acoustic energy alone does not fully predict biological outcomes,
as different parameter combinations can produce distinct effects at similar energy levels.
These findings suggest that optimization of MB-mediated sonoporation should consider
not only total acoustic energy but also how intensity, PRF, duty cycle, and exposure time
individually affect gene delivery efficiency and cell viability. Together, these results provide
a quantitative basis for selecting ultrasound conditions that improve gene delivery while
preserving cell viability in difficult-to-transfect cancer cells.
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//www.mdpi.com/article/10.3390/app16136500/s1, Method S1: Mechanical index calculation;
Figure S1: Effects of baseline control groups on luciferase activity and cell viability; Table S1: Acoustic
pressure and mechanical index (MI) at varying ultrasound intensities with a well plate; Table S2:
Total acoustic energy calculations according to changes in acoustic intensity; Table S3: Total acoustic
energy calculations according to changes in duty cycle; Table S4: Total acoustic energy calculations
according to changes in exposure time.
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