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The application of ultrasound in combination with microbubbles (USMB) induces a broad spectrum of 
bioeffects on cells including plasma membrane disruption, cytoskeleton rearrangement, influx/efflux 
of cytosolic/extracellular molecules, metabolic stress and signalling pathways. This study investigated 
the effect of USMB on cell proteomics in human acute myeloid leukemia cells. Cells (OCI-AML-5) in 
suspension were exposed to ultrasound (f = 1 MHz, PD = 20 μs and PRP = 1 ms for 120 s) with and 
without microbubbles (Definity at 1.7% v/v) at varying acoustic pressures. Following exposure, cells 
were analysed using flow cytometry, mass spectrometry and immunoblotting. USMB enhanced cell 
membrane permeability (~ 37%), as expected, and induced significant changes in the cell proteome. 
Of 6825 proteins, 78 (~ 1.14%) were statistically significant and had a fold-change (≤ 0.8 or ≥ 1.2) 
compared to untreated control, referred to as a differentially expressed protein (DEP). The highest 
fold change of ~ 4–5 was induced in HMOX1 protein. The protein expression depended on acoustic 
pressure, presence of microbubbles and elapsed-time following exposure to ultrasound. Western 
blotting analysis confirmed the effect of USMB on three proteins (HMOX1, BACH1 and ANXA1) with R2 
values > 0.9. In addition, the gene ontology analysis based on DAVID bioinformatics indicated that the 
DEPs are associated with GO cellular components such as plasma membrane and exosomes, which can 
be affected by USMB. This study suggests that targeted changes in the cell proteome may be induced 
with USMB to potentially optimize existing therapies and develop new cancer therapeutic targets.

Keywords  Ultrasound therapy, Microbubble, Sonoporation, Proteome, Acute myeloid leukemia

Expression of different proteins sets are responsible for enacting and regulating distinct cellular processes; 
consequently, manipulation of protein function is important in fields such as chemotherapy, where the protein 
expression is central to treatment effectiveness in diseases such as cancer, in particular for targeted therapies1. 
External factors such as chemical, thermal2, and mechanical stressors3 can affect cellular function and gene 
and/or protein expression4,5. Therapeutic ultrasound in combination with microbubbles (USMB), a gas-filled 
and shell-encapsulated bubbles less than 5 µm in diameter, can induce mechanical (cavitation), thermal, and 
chemical stresses on cells6 and cause diverse bioeffects in cells and tissues7–11. The application of USMB is being 
developed as a targeted drug delivery strategy of various agents including chemotherapeutic12 genetic13 and 
nanoparticles14 , and improve their efficiency through local release and enhanced intracellular uptake8,11,12,14. 
USMB has also been shown to enhance radiotherapy15 and immunomodulation12. This study investigates, for 
the first time to the best of our knowledge, the effect of USMB on the cell proteome.

USMB mediated stressors can induce multiple bioeffect such as sonoporation which includes plasma 
membrane deformation and disruption8,9,16 and increased rate of endocytosis by multiple distinct mechanisms11. 
In addition, USMB causes a stimulation of reactive oxygen species8, as well as activation of cell signalling and 
survival pathways17. The plasma membrane disruption induced by USMB can be irreversible leading to cell 
death, or transient/reversible cell membrane permeabilization, allowing for diffusion of molecules across the 
cell-membrane down their concentration gradient resulting in the uptake and leakage of molecules9–11,18,19. 
Consequently, the intracellular concentration of signaling molecules, such as calcium, can increase upon USMB 
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treatment8 whereas the intracellular metabolite levels, such as amino acids, and glycolytic and citric acid cycle 
intermediates, can decrease17. The USMB-induced plasma membrane deformation can also result in cytoskeletal 
rearrangement8, as the actin cytoskeleton is centrally involved in generating and responding to mechanical 
forces20. It has been shown that the number of f-actin fibres increases due to USMB21. In addition, USMB can 
increase in the rate of endocytosis of both clathrin-mediated endocytosis and non-clathrin fluid-phase uptake 
into cells11,22,23 as well as exocytosis9. In addition, USMB can modulate diverse signaling networks involved in 
regulating cell survival, metabolism17 apoptosis24 and cell cycle25.

The cell surface plays a large role in sensing stress as its components transmit extracellular stimuli to the 
intracellular environment26. The initial response of the cell to a stressful stimulus is aimed toward cell survival and 
defending or recovering from cellular damage. In signal transduction, extracellular stimuli are relayed through 
intracellular proteins initiating a cellular response27. Changes in protein expression can result from changes 
in protein synthesis, through regulation of transcription and/or translation of specific genes, or alternatively, 
regulation of protein turnover. USMB treatment can lead to alterations of the rate of protein internalization 
from the cell surface, a phenomenon that can in principle regulate the composition of proteins at the cell 
surface11, either by leading to relocalization of proteins from the plasma membrane into intracellular membrane 
compartments, or traffic of cell surface proteins to the lysosome for degradation.

The guiding hypothesis of this study is that USMB-induced stress affects the cell proteome in response to the 
broad spectrum of cellular and molecular associated bioeffects. We investigated the bioeffects of USMB on AML 
cells; specifically, sonoporation and proteomics using flow cytometry, mass spectrometry (MS) and western blot 
(WB) over 24 h. Improving our understanding of USMB induced cellular responses on the proteomic level may 
provide insights for developing novel USMB based therapeutic strategies.

Materials and methods
In vitro model
Human Acute Myeloid Leukemia AML (OCI- AML-5) (henceforth AML cells) were used as the in vitro model. 
The AML cells were cultured in AMEM (Alpha Modification of Eagles Medium, Wisent Biocenter, Cat. No 
310–010-CL) supplemented with 10% FBS (Fetal Bovine Serum, Sigma- Aldrich, Cat No. F1051) and 1% P/S 
(Penicillin/Streptomycin, Wisent Biocenter, Cat No. 450–201-EL) in a humidified incubator at 37 °C and 5% 
CO2.

USMB exposure
An overview of the experimental study is shown in Fig.  1. Cells at a concentration of 1.33 × 106 cells/mL (7 
million cells in 3 mL of AMEM, Wisent Biocenter, Cat. No 310–010-CL) were treated in suspension with a tone-
burst pulse at 1 MHz center frequency transducer (A394S-SU-F2.00IN-PTF, Olympus, Waltham, MA, USA) 
with diameter = 28.6 mm, -6 dB focal length = 54 mm, and -6 dB beamwidth = 3.8 mm. The US exposure has a 
pulse repetition period (PRP) = 1 ms; pulse duration period (PDP) = 20 μs corresponding to duty cycle of 2%; 
and insonation time (IT) = 120 s28. The cells were treated at 1.7% (v/v) Definity (Lantheus Medical Imaging, 
Billerica, MA, USA) microbubble concentration (100 µL of diluted MB at 1:1 ratio with PBS) and varying peak 
negative pressures (0-950 kPa). Before treatment, the Definity vials were left at room temperature for 30 min 
before being activated in a Vial Mix (Lantheus Medical Imaging, Billerica, MA, USA) for 45 s. The vial was then 
equilibrated before being inverted and vented with a needle. After venting, the microbubbles were extracted at 
1.7% (v/v) and diluted with an equal amount of PBS28

Flow cytometry
Cell permeability and viability
Cell permeability was explored by treating the cells with USMB with the addition of 10  kDa FITC-Dextran 
(Cat. No. FDS10S, Sigma Aldrich). A volume of 70 µL of 5 mg/ml FITC-Dextran was added to a sample of 
cells immediately before treatment. After treatment, cells were incubated at 37 °C for 30 min. Cells were then 
washed three times with PBS (Wisent Biocenter, Cat. No, 311–010-CL) before being resuspended in 1 ml FACS 
buffer (PBS and 2% FBS) with PI (Cat. No. P3566, ThermoFisher Scientific) at a concentration of 0.0001 mg/ml 
immediately before analysis with the SONY SP6800 flow cytometer (Sony Biotechnology, San Jose, CA, U.S.A).

Flow cytometry analysis
Flow Cytometry data was analyzed using FlowJo™ v10.8 Software (BD Life Sciences). The sample was gated based 
on FSC-A and SSC-A, and FSC-A and FSC-H to identify intact single cells within the population of all events 
recorded on the cytometer. Following this, live cells (PI negative) and permeabilized cells (FITC positive and PI 
negative) were quantified.

Proteomics sample preparation
Mass Spectrometry and Western Blot samples were prepared simultaneously for direct comparisons. Following 
the treatment, cells were counted and split into 9 × 106 cells for Mass Spectrometry and 5 × 106 cells for Western 
blots. For mass spectrometry analysis, cells were treated at the following conditions: USMB at 450 kPa (6 h) and 
750 kPa (6 and 24 h), and US only at 750 kPa (6 h). For Western Blot analysis, cells were treated with USMB 
at three pressures (350, 450 and 750 kPa) and US only at 750 kPa at three different time points (1, 6 and 24 h).

Mass spectrometry
Sample preparation
Following incubation and cell counting, the cells were collected by centrifugation at 300 g for 5 min, and the 
supernatant was discarded. Cells were washed twice in PBS and centrifuged for 300 g for 5 min. The mass of the 
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wet pellet was measured, and RIPA Lysis and Extraction buffer (Cat. No 89900, ThermoFisher) was combined 
with protease inhibitors (Cat No.11836170001, Sigma-Aldrich (St. Louis, Mo). The RIPA and protease mixture 
was added according to weight (1 mL/40 mg of wet cell pellet). The cells were resuspended and subsequently 
frozen for preparation by SPARC Biocentre. Protein reduction, alkylation, precipitation, digestion, fractionation, 
TMT labelling and LC- MS/MS (liquid chromatography – mass spectrometry) were performed by SPARC 
Biocentre (Molecular Analysis), The Hospital for Sick Children, Toronto, Canada. All samples were sonicated 
at 4 W for 15 s before being clarified by centrifugation at 10,000 g for 5 min. 150 µL of each sample was taken 
for protein digestion. To reduce the sample, 10 mM of TCEP was added at 60 °C for 1 h. Following reduction, 
alkylation was performed with 18.75 mM of iodoacetamide at room temperature for 30 min in the dark. Protein 

Fig. 1.  Schematic diagram of the experimental design and analysis. Flow cytometry (left branch) was used to 
measure the uptake of FITC and PI at US (950 kPa) and USMB (0-950 kPa). Following USMB with FITC, the 
sample was incubated (37 °C) for 30 min. PI was added prior to analysis of cells with flow cytometry. Cells 
prepared and treated simultaneously and split for MS and WB analysis (center and right branch). MS and WB 
cells went through their respective digestions and preparation for analysis. TMT labelling was done for analysis 
through MS. WB lysates were prepared for immunoblotting.
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precipitation was carried out using acetone at -20 °C for 2.5 h. The proteins were then digested with 3 µg Trypsin/
Lys-C per sample, at 37  °C overnight in 100  mM TEAB. For peptide quantification the Peirce Colorimetric 
Peptide Quant kit was used and 50 µg of protein were labelled per sample. Tandem mass tag (TMT) labelling 
was performed with 50 µg from each sample. The 50 µg samples of peptides were dissolved in 100 mM HEPES 
(pH 8.5) and labelled with 0.5 mg TMT Pro reagent at room temperature for 1 h, while shaking. Excess TMT Pro 
reagent was quenched with 5 µL 5% hydroxylamine for 15 min while shaking. After quenching, samples were 
combined and dried in SpeedVac. Dried proteins were fractioned using a high pH fractionation gradient; 60 
fractions were collected and dried in SpeedVac. Samples were then resuspended in 2% ACN, 0.1% formic acid, 
and loaded onto EvoSep Evotips.

Analysis
Proteome discoverer version 2.5.0.400 was used as a protein identification and quantification software. Data 
generation was performed by SPARC Biocentre (Molecular Analysis), The Hospital for Sick Children, Toronto, 
Canada. The proteins were then sorted by their False Discovery Rate (FDR) confidence. The software assigned 
each protein a value of low, medium, or high confidence in their discovery. Subsequently, proteins with 2 or more 
unique peptides having high FDR confidence were considered for statistical analysis; these proteins are referred 
to as detected proteins.

Immunoblotting
Sample preparation
Following incubation and cell counting, cells were collected by centrifugation at 300  g for 5  min, and the 
supernatant was discarded. Cells were washed twice in PBS and centrifuged for 300 g for 5 min. The mass of 
the wet pellet was measured, and RIPA Lysis and Extraction buffer (Cat. No 89900, ThermoFisher Scientific, 
MA, USA) was combined with protease inhibitors (Cat No.11836170001, Sigma-Aldrich (St. Louis, Mo) and 
phosphate inhibitors (Cat. No 4906845001, Sigma-Aldrich (St. Louis, Mo). This mixture was added according 
to weight (1 mL/40 mg of wet cell pellet). RIPA buffer was added to the pellet and shaken on ice for 15 min. The 
mixture was centrifuged at 14,000 g for 15 min, and the pellet was discarded. The supernatant was transferred 
to a different tube and frozen.

SDS-PAGE and immunoblotting
The protein concentration of lysates was determined using the Pierce BCA protein assay. A 15 µg of protein lysate 
was mixed with Laemmli Sample Buffer and 2-mercaptoethanol. Proteins were denatured by exposing samples 
to 100 °C for 10 min on a heat block. Samples were loaded on a 12% polyacrylamide gel, separated by mass via 
gel electrophoresis, and transferred onto a polyvinylidene fluoride (PVDF) membrane. PVDF membranes were 
incubated with blocking solution (5% skim milk, BioRad) in tris-buffered saline and tween-20 (TBS-T; 20 mM 
Tris, 150 mM NaCl, 0.1% Tween-20) for 1 h at room temperature. Membranes were incubated with a primary 
antibody overnight at 4 °C, washed with TBS-T (4 × 5 min), incubated with a secondary antibody conjugated 
to horseradish peroxidase (1 h at room temperature), and washed with TBS-T (4 × 5 min). Membranes were 
soaked with Immobilon Crescendo Western HRP substrate (Millipore Sigma; cat: WBLUR0500) for 1 min and 
HRP was detected using a gel doc instrument. The primary antibodies used were rabbit anti-HMOX1 (1:1000 in 
blocking solution; Proteintech; cat: 10,701–1-AP), rabbit anti-BACH1 (1:1000 in blocking solution; Proteintech; 
cat: 14,018–1-AP), rabbit anti-Annexin-A1 (1:1000 in blocking solution; Proteintech; cat: 21,990–1-AP), and 
mouse anti-Vinculin (1:1000 in blocking solution). Secondary antibodies used were goat anti-rabbit (1:1000 
in blocking solution; Cell Signaling Technology; cat: 7074) and goat anti-mouse (1:1000 in blocking solution; 
Cell Signaling Technology; cat: 7076). Membranes were stripped with Stripping Buffer for 10  min at room 
temperature. Subsequently, BACH1 and HO-1 were probed simultaneously, followed by VCL and ANXA1 the 
next day.

Analysis: Images were acquired using a chemiluminescent substrate. Quantification was conducted using 
FIJI software29. The bands were analyzed individually via the ImageJ ROI feature, which generated an intensity 
profile for each band. Relative to the background, the area under each peak was identified, corresponding to 
the integrated pixel density of each band. Finally, the integrated pixel density of the protein of interest was 
normalized to the VCL loading control from the same lane to account for loading variation. These normalized 
values were used in further analyses.

Statistical analysis
The detected proteins (2 or more unique peptides and high FDR confidence) were tested for statistical 
significance using GraphPad PRISM (Version 10.3.1). Identified proteins refer to the detected proteins which 
were statistically significant (unadjusted p-value ≤ 0.05) compared to the untreated control. A differentially 
expressed proteins (DEP) is classified as any identified protein (p ≤ 0.05) with a MS-detected fold-change (FCMS) 
value ≥ 1.2 or ≤ 0.8, relative to the untreated control condition. These criteria are used to identify upregulated and 
downregulated protein expressions, respectively. A non-DEP is classified as any identified protein (p ≤ 0.05) with 
a FCMS value between 0.8 and 1.2, non-inclusive. A two-way ANOVA test was conducted to test the interaction 
between proteins and treatments, with a post-hoc Tukey’s multiple comparisons test of all samples. P-values 
of ≤ 0.05 are considered significant.

Results
Sonoporation
Cell permeability and viability following exposure to ultrasound in the absence (Pneg: 950 kPa) and presence 
of microbubbles (Pneg: 0-to-950 kPa) are shown in Figs. 2A,B, respectively. Ultrasound alone at the exposure 
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conditions of this study did not significantly increase the percentage of permeabilized cells or decrease cell 
viability, as expected10,28. In contrast, following treatment with USMB, cell permeability increased with acoustic 
pressure up to a plateau of ~ 38%, and with statistical significance at pressures greater than and equal to 450 kPa 
compared to untreated control (Fig.  2A). In addition, cell viability (~ 99%) was similar across all exposure 
conditions; no statistical difference was observed (Fig.  2B). The sonoporation bioeffect appears to start at 
250–350 kPa with an average of 8% FITC positive population at 350 kPa, although not statistically significant 
compared to untreated control (~ 0.6%). The number of permeabilized cells appears to increase with acoustic 
pressure and reach a plateau around 750–850 kPa. Cell permeability approximately doubled between 350 kPa 
(~ 8%) and 450 kPa (~ 19%), and subsequently doubled between 450 kPa (~ 19%) and 750 kPa (~ 37%). Based 
on the cell permeability data, the ultrasound pressures used in the investigation of the effect of USMB on the cell 
proteome are 350, 450 and 750 kPa peak negative pressure.

Cell proteome
Cells were exposed to USMB at different exposure conditions and analysed for proteome changes. The samples 
comprised of entirely viable cells (~ 99%) included both sonoporated (FITC positive) and non-sonoporated 
(FITC negative) cells. The percentage of sonoporated cells depended on the ultrasound pressure; 8%, 19% and 
37% for 350, 450 and 750 kPa, respectively (Fig. 2A). Based on the MS analysis, a total of 6825 proteins were 
detected. Of the 6825 detected proteins, a total of 1683 proteins (~ 25%) in at least one of the four treatment 
conditions (US750kPa,6 h, USMB450kPa,6 h, USMB750kPa,6 h and USMB750kPa,24 h) were statistically significant (post-
hoc Tukey test) compared to the untreated control, referred to as statistically identified proteins. Furthermore, 
of the statistically identified proteins, 78 proteins (~ 5% of 1683) had a FCMS (fold-change in protein expression 
compared to untreated control based on MS) ≤ 0.8 or ≥ 1.2. These 78 proteins (1.1% of 6825) are referred to as 
differentially expressed proteins (DEPs); that is, a protein that has a high confidence in its discovery with ≥ 2 
unique peptides with a FCMS ≤ 0.8 or ≥ 1.2 and a p-value ≤ 0.05 compared to the untreated control.

The MS data for each of the four treatment conditions (US750kPa,6  h, USMB450kPa,6  h, USMB750kPa,6  h, and 
USMB750kPa,24 h) are shown as volcano plots in Fig. 3A-D, respectively. The corresponding heatmap of the 78 
DEPs, referred to as DEP78, demonstrates the expression changes throughout all the conditions and is shown in 
Fig. 3E (further information in Table S1). The Venn diagram of the 77 DEPs from the three USMB conditions 
(US alone condition excluded), referred to as DEP77, including both up- or down-regulated proteins, are shown 
in Figs. 3F-H, respectively. The changes in the cell proteome depended on the ultrasound exposure conditions 
and the elapsed-time following ultrasound. The presence of microbubbles was necessary to induce changes in 
the cell proteome (Figs. 3A,C). The number of DEPs and the overall FCMS increased significantly in the presence 
of microbubbles compared to ultrasound alone (Table S1). At US750kPa,6 h, only one DEP was identified compared 
to 12 DEPs at USMB750kPa,6 h. The effect of the acoustic pressure appears to be less pronounced compared to the 
effect of microbubbles; 17 DEPs (US450kPa,6 h) compared to 12 DEPs (USMB750kPa,6 h) when acoustic pressure 
increases from 450 to 750 kPa with a similar average FCMS value of 1.15 (Fig. 3B,C). There is an overlap of 11 
DEPs between the two pressures (450 and 750 kPa) where all are up regulated (Fig. 3F-H). These results indicate 
that the presence of microbubbles was critical to elicit DEP, and that acoustic pressure impacted a subset of the 
DEPs triggered by USMB.

Fig. 2.  (A) Cell permeability, the percentage of FITC-dextran (10 kDa) positive cells, and (B) cell viability, the 
percentage of PI negative cells, 30 min following exposure to US only (triangle) at 950 kPa and USMB (circle) 
at 0-950 kPa peak negative pressures. Permeability was induced in the presence of microbubbles and increased 
with pressure reaching a plateau. Cell viability remained consistent across all conditions. The mean and SD 
of the FITC positive and PI negative populations are shown for n = 3 independent experiments. The p-value 
threshold represented by * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.
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Fig. 3.  Volcano plots of proteins in (A) US750kPa,6 h, (B) USMB450kPa,6 h, (C) USMB750kPa,6 h, and (D) 
USMB750kPa,24 h. DEPs are represented by green (upregulated) and red (downregulated) points; by definition, 
DEPs are statistically significant with a threshold of p ≤ 0.05. A list of the p-values for all DEPs (relative to 
untreated control) are included in Table S1, located in the supplementary file. E) Heat map showing the 78 
DEPs (listed in Table S1). FCMS is plotted on the y axis and shows FCMS only (not statistical significance). 
Proteins may not be DE at each condition. Plotted values are the mean FCMS for each protein with n = 3 
independent experiments. Comparison of the number of DEPs at USMB450kPa,6 h, USMB750kPa,6 h and 
USMB450kPa,24 h for F) DEP77, G) DEP with FCMS≥ 1.2 and H) DEPs with FCMS≤ 0.8.

 

Scientific Reports |        (2025) 15:29817 6| https://doi.org/10.1038/s41598-025-14727-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


There are several DEPs that are upregulated in response to various USMB treatments, including Annexin A1 
(ANXA1), S100-A10 and A11, NADPH dehydrogenase quinone 1 (NQO1), prelamin A/C (LMNA), vimentin 
(VIM), heme oxygenase 1 (HMOX1), adhesion G coupled receptor E5 (ADGRE5), metastasis suppressor 
protein 1 (MTSS1), serotransferrin (TF) and thrombospondin-1 (THBS1) (Figs. 3F-H). There is no common 
downregulated DEP among any of the conditions. Transcription regulator protein BACH1 (BACH1) is the only 
downregulated DEP at 450 kPa pressure. The effect of time appears to be more pronounced on the number of 
DEPs; 12 DEPs at 6 h compared to 69 DEPs at 24 h following USMB treatment at 750 kPa. The USMB450kPa,6 h 
and USMB750kPa,24  h had overall FCMS (78 DEPs) of 1.15 and 1.24, respectively. However, the overlap in the 
DEPs between the two times (6 and 24 h) is comparable to the effect of the acoustic pressure (Figs. 3G-H). The 
first eight proteins stated above are common between the three USMB conditions. Furthermore, two DEPs are 
common between the 6 and 24 h timepoints. These are growth arrest-specific protein 7 (GAS7) and platelet 
endothelial cell adhesion molecule (PECAM1) (Figs. 3 G-H).

While there were many DEPs that were common to multiple different USMB treatment pressures and elapsed-
time following USMB, there were also some DEPs that were unique to specific treatments. The largest number 
of unique DEPs that are either up- or downregulated is with USMB treatment at 750 kPa and 24 h following 
exposure; of the 78 proteins, 66 were upregulated and 12 were downregulated. Based on their expression in 
overall USMB exposure conditions, 14 proteins were selected for further analysis. Within this subset, 8 proteins 
were identified as DEPs across all 3 USMB conditions, and 5 proteins were common between at least two USMB 
conditions. BACH1 was added to this subset as the only downregulated protein at the USMB450kPa,6 h condition 
and for its role in the regulation of HMOX1. The list of these 14 DEPs (referred to as DEP14) and their fold-
change are shown in Fig. 4 and Table 1.

DEP14: Mass spectrometry
The FCMS of the DEP14 from the four treated conditions (US750kPa,6  h, USMB450kPa,6  h, USMB750kPa,6  h and 
USMB750kPa,24 h) are shown in Fig. 4, and the statistical comparison between the different conditions for each DEP 
(DEP14) is shown in Table S2. US alone did not induce any statistically significant effect on the 14 DEPs compared 
to the control. The largest FCMS was observed in heme oxygenase (HMOX1) protein; a comparable FCMS of ~ 4–5 
was achieved with USMB at both 450 and 750 kPa within 6 h following exposure. The transcription regulator 
protein BACH1 (BACH1) of the DEP14 was downregulated with FCMS ~ 0.8 at USMB450kPa,6 h, with statistical 
significance compared to control. When comparing the common DEPs at 450 and 750 kPa pressures, only one 
DEP has a significant difference in FCMS, this is prelamin A/C, with FCMS of 2.02 and 2.11 for USMB450kPa,6 h 
and USMB750kPa,6 h, respectively. Noteworthy, 8 of the 11 proteins (S100A10, A11, HMOX1, ANXA1, NQO1, 
LMNA, VIM, and ADGRE5) are differentially expressed in all USMB conditions, highlighting the dependence 
of microbubbles in triggering changes expression upon ultrasound exposure. NQO1 and LMNA, also display 
time and pressure dependence, respectively. Focusing on NQO1, USMB6h samples are significantly different 

Fig. 4.  FCMS for the 14 proteins listed in Table 1 for the three USMB treated conditions (USMB450kPa,6 h, 
USMB750kPa,6 h, and USMB750kPa,24 h) are shown as mean ± SD for n = 3 independent experiments. 
Nonsignificant conditions relative to the untreated control are indicated with a circle (○) and have grey-
colored borders (the statistical significance is stated in Table S1).

 

Scientific Reports |        (2025) 15:29817 7| https://doi.org/10.1038/s41598-025-14727-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


compared to the USMB750kPa,24 h condition (Supplementary Table 2), confirming that time does influence the 
expression at 6 and 24  h. LMNA has significant differences between its USMB450kPa,6  h and USMB750kPa,6  h 
conditions, which denotes that pressure directly effects the expression in addition to the presence of MBs. 
Three proteins (HMOX1, BACH1 and ANXA1,) out of DEP14, referred to as DEP3, are used to confirm the MS 
observations, by Western blotting (WB). Additional ultrasound conditions (US at Pneg: 750 kPa and USMB at 
Pneg: 350, 450 and 750 kPa) and times (1, 6 and 24 h) following the treatment, were investigated with WB; a 
total of 12 conditions.

WB of DEP3: WB of HMOX1, BACH1 and ANXA1
The WB data of the DEP3 (HMOX1, BACH1 and ANXA1) are shown Figs.  5A-B, and their corresponding 
MS data in Fig. 5C. In general, the WB data confirms the MS data for the three proteins (DEP3). WB analysis 
confirmed the MS observations. There is high correlation between FCMS and FCWB data for the DEP3; R2 values 
of 0.9771, 0.9003 and 0.9716 for HMOX1, BACH1 and ANXA1, respectively (Figure S1). HMOX1 expression 
increased with the presence of microbubbles, peaked at the 6  h time point and was maximum at 450  kPa 
(Fig. 5B). No statistical changes in FCWB were observed in the absence of microbubbles at 750 kPa and all time 
points, whereas significant increase in FCWB was observed with the addition of microbubbles at 750 kPa and the 
6 h. No statistical FCWB was observed at 1 and 24 h time points in HMOX1 at all ultrasound-treated conditions 
compared to untreated control. HMOX1’s expression depended significantly on the time following ultrasound 
exposure. It remained steady within the first hour, increased significantly by the 6 h reaching a peak, and then 
decreased by 24 h down to control levels (Fig. 5B). This supports the changes in HMOX1 expression as observed 
by MS (Fig. 5E), indicating that the increase in HMOX1 expression is transient. The FCWB of HMOX1, identified 
as a DEP through mass spectrometry at the USMB conditions 450 kPa (6 h) and 750 kPa (6 h and 24 h), was 
statistically significant compared to untreated control at USMB at 450 kPa and 750 kPa (6 h). The maximum 
FCWB depended on the US pressure; the highest increase was observed at 450 kPa (FCWB ~ 10 and FCMS ~ 5) 
compared to 750 kPa (FCWB ~ 7 and FCMS ~ 4).

BACH1, was the only DEP with a FCMS of ~ 0.8 (Fig. 5F), although on average showed a lower FCWB of ~ 0.74, 
it was not statistically different comparted to untreated control (Fig. 5C). On average, BACH1 appears to decrease 
by 6 h following USMB at 450 kPa, and recover within 24 h. However, statistically there was no difference between 
the different exposure conditions and times. Furthermore, the BACH1 and HMOX1 appear to be inversely 
related (Fig.  5B,C). The ANXA1 WB confirmed the MS data (Figs.  5D,G). ANXA1 has been identified as a 
DEP through mass spectrometry at all USMB treated conditions (Fig. 5G). The ANXA1 FCWB increased with 
the addition of microbubbles (FCWB ~ 2.8–3.1). Generally, the FCWB increased with time and almost reached 
a plateau at 6 h (Fig. 5D). Statistically significant FCWB was observed at USMB 750 kPa at both 6 and 24 h. In 
addition, the ANXA1 expression increased with acoustic pressure, similarly to HMOX1. The ANXA1 FCWB at 
450 kPa and 750 kPa were significantly different compared to 350 kPa. The WB analysis confirmed and expanded 
on the MS observations. Overall, the expression of HMOX1 and ANXA1 depends on the exposure conditions 
and time following USMB, insinuating that USMB-induced bioeffects on the cell proteome may be transient and 
associated with the biomechanical stress. The highest FCMS was observed at 450–750 kPa and 6 h; the acoustic 
pressure appears to be consistent with the sonoporation analysis.

Gene Ontology cellular components
DAVID Bioinformatics30,31 was used to generate a list of Gene Ontology (GO) cellular components with the 
statistically identified proteins (1683), DEP78 and DEP14 (Fig. 6). DAVID, based on the protein list defined by 

Protein Accession Protein name (gene name)
USMB
450 kPa,6 h

USMB
750 kPa,6 h

USMB
750 kPa,24 h

P09601 Heme oxygenase 1 (HMOX1) 4.86 4.28 1.3

B4DLR8 NAD(P)H dehydrogenase [quinone] 1 (NQO1) 1.49 1.5 1.94

P02545 Prelamin-A/C (LMNA) 2.05 2.13 1.9

P04083 Annexin A1 (ANXA1) 2.55 2.76 2.41

P08670 Vimentin (VIM) 1.22 1.21 1.37

P31949 Protein S100-A11 (S100A11) 1.25 1.28 1.4

P48960 Adhesion G protein-coupled receptor E5 (ADGRE5) 1.3 1.34 1.2

P60903 Protein S100-A10 (S100A10) 1.47 1.56 1.71

O43312 Protein MTSS 1 (MTSS1) 1.22 1.25 N/A

P02787 Serotransferrin (TF) 1.37 1.41 N/A

P07996 Thrombospondin-1 (THBS1) 1.68 1.81 N/A

A0A0A0MS68 Growth arrest-specific protein 7 (GAS7) 1.34 N/A 1.33

P16284 Platelet endothelial cell adhesion molecule (PECAM1) 1.24 N/A 1.23

O14867 Transcription regulator protein BACH1 (BACH1) 0.8 N/A N/A

Table 1.  Differentially Expressed Proteins of interest (DEP14), up-regulated (FCMS≥ 1.2 and p-value ≤ 0.05) 
and down-regulated DEPs (FCMS≤ 0.8 and p-value ≤ 0.05), across the three USMB treatment conditions. NA 
indicates the conditions that are not statistically significant (p > 0.05).
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the user, matches the proteins to one or more cellular components or functions. The analysis (repeat condition) 
focused on the cellular components with a p-value ≤ 0.05 and an interaction value of ≥ 5%. The 5% interaction 
value corresponds to 84 out of 1683 for the statistically identified proteins, and 4 out of 78 for the DEP78 that 
is mapped to a specific cellular component. Figure  6A shows the analysis of the 1683 statistically identified 
proteins, which includes the DEP78, and the analysis of DEP78 alone. The cellular components discovered by 
running DAVID analyses using Table S1 DEPs for USMB conditions, involved components that are known 
to be affected by USMB. Components such as the extracellular region, and exosomes as well as the PM were 
affected the most (GO definitions found in Table S3). Compared to statistically identified proteins, DEP78 
revealed that there was nearly no effect on the proteins expressed in and around the nucleus based on the GO 
classification of “Cellular Component”. Components discovered by running DAVID with statistically identified 
proteins, such as the nucleus, nucleoplasm and nucleolus, fall under outside the inclusion thresholds (p ≤ 0.05, 
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Fig. 5.  A representative western blot and the fold changes for the DEP3 (ANXA1, HMOX1 and BACH1): 
(A) Representative western blot analyzing the relative levels of the DEP3 with the sample for each treatment 
condition shown vertically and the proteins in each row; Vinculin was used as the loading control. Whole gel 
images of WB snippets are presented in Figure S2. Five conditions previously analyzed via MS analysis were 
re-investigated with WB. In addition to these conditions, new USMB conditions, with various pressures and 
times, were analyzed via WB alone. The western blot fold changes (FCWB) are shown for (B) HMOX1, (C) 
BACH-1 and (D) ANXA1, and their corresponding MS fold change (FCMS) in (E) to (G), respectively. Plotted 
are the mean ± SD are shown for n = 3 independent experiments. P value threshold represented by * p ≤ 0.05, ** 
p ≤ 0.01, and *** p ≤ 0.001.
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and % interaction ≥ 5%) when DEP78 were analyzed. To assess the effect of the treatment conditions on the GO 
cellular components, the DEPs from the list of DEP78 for each of the USMB conditions (Table S1) were analysed 
(Fig. 6B). The USMB treatment pressure and elapsed-time affect the GO cellular components (Fig. 6B). As more 
time elapses post treatment, it appears that there may be changes in expression of proteins with GO annotation 
of plasma membrane or membrane, whereas the changes in protein expression of proteins with GO annotation 
of “cytosol” do not appear to change robustly as of 6 h post USMB. In addition, DAVID analyses were run using 
DEPS from the list of DEP14 (Table 1) for each USMB condition, and all condition combinations; a detailed 
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breakdown is presented in the form of a heatmap in Fig. 6C. The extracellular exosomes appear to be affected at 
all conditions, whereas the plasma membrane appear to be mostly affected by 24 h following USMB.

Discussion
USMB proteome changes
USMB induces a broad spectrum of changes in the AML cell proteome under exposure conditions where a 
significant sonoporation-bioeffect was observed, such as the presence of microbubbles. This indicates that the 
main mechanism of USMB-mediated bioeffects at pulsed therapeutic ultrasound exposure conditions is associated 
with USmediated cavitation of MBs18,32,33. As seen in the flow cytometry assays, USMB significantly enhances 
uptake of extracellular molecules in AML cells which would otherwise be excluded while having a minimal effect 
on cell viability; this agrees with other sonoporation studies10,11,34. In addition to the presence of microbubbles, 
modulation of the cell proteome depended on the acoustic pressure. While the sonoporation-bioeffect where 
cell permeability increased with acoustic pressure to a plateau, the changes observed in the cell proteome varied 
with the acoustic pressure less predictably. These changes include the specific proteins which are differentially 
expressed, the number of DEPs and the fold changes in the expression of proteins (DEPs). Furthermore, the time 
following USMB exposure strongly influences the number of proteins which are differentially expressed and 
the magnitude of fold change for certain DEPs. This suggests that USMB treatment conditions may be tailored 
to optimize the expression of a specific DEP of interest in developing cancer therapeutic targets or enhancing 
existing therapies.

USMB Bioeffects and DEP14
The cellular bioeffects induced by USMB appears to be associated with the differentially expressed proteins; 
here, we focus on the DEP14. The major cellular components associated with USMB-induced DEPs, are generally 
linked with extracellular and membrane environments and processes based on the analysis of MS data with 
DAVID bioinformatics; these observations can be potentially induced by USMB9,10. These cellular components 
are associated with membrane disruption, endocytosis and exocytosis (Table S3). This is consistent with 
USMB induced stress on the cell membrane, which leads to various bioeffects such as membrane disruption, 
cytoskeleton organization, calcium influx, enhanced endocytosis and oxidative stress6,8,34. This may suggest that 
the proteome changes in the sonoporated cells may be more significant compared to the non-sonoporated cells, 
and as such, the fold change in the protein expression in sonoporated cells may be significantly higher; this is a 
focus of future studies.

USMB has been shown to interact with the cell membrane8,9,16. Cells alter the expression of cytoskeletal and 
structural proteins, such as vimentin (VIM)35 and prelamin-A/C (LMNA)36–38 in response to stress39,40. These 
proteins exhibit elevated expression following USMB (LMNA increases expression by two-fold).

In addition, ANXA1, S100-A10, S100-A11 and THBS1 are overexpressed following USMB exposure and 
are related to calcium influx41–44. Calcium influx is associated with USMB-mediated disruption of the plasma 
membrane8,21. Calcium is a mediator of various cellular functions including proliferation, motility and mitosis 
and regulator of various protein families involved in plasma membrane fusion and repair8,44. Annexin-A1’s 
high expression across all USMB conditions can be explained as Annexin’s are a calcium-binding protein, that 
can respond to increases in intracellular calcium43–45. In addition, calcium alone has not been shown to drive 
expression of ANXA147, rather it aids in ANXA1’s ability to bind to membranes45. There is a connection between 
ANXA1 and apoptosis, as cell death was associated with increased levels of ANXA1 in the cytosol and in the 
membrane of cells46 Similarly, Thrombospondins are calcium-binding glycoproteins that interact with other 
extracellular matrix components42. Its multifunctionality allows THBS1 to assemble multiprotein complexes at 
the cell surface modulating cell behaviour47.

USMB increases cellular ROS after treatment and causes Ca2+ uptake6. This mechanism may be associated 
with the high fold change observed in HMOX1 in cells treated with USMB. Proteins such as HMOX1, VIM 
and NQO1 can experiences changes in their expression by their involvement in redox reactions and oxidative 

Fig. 6.  (A) Radar graph of GO terms generated by running DAVID Bioinformatics with DEP78 and statistically 
identified proteins, separately. Statistically identified proteins correspond to Detected Proteins which were 
discovered to be statistically significant compared to the untreated control. Values on the chart correspond to 
the percentage of proteins from a particular DAVID analysis, which are mapped to a particular GO term. GO 
terms were included if they had a p-value of ≤ 0.05 and ≥ 5% of proteins from their respective lists attributed 
to them. (B) Radar graph of GO terms generated by running DAVID Bioinformatics with DEPs for each 
USMB condition separately (DEPs listed in Table S1). Values on the chart correspond to the percentage 
of proteins from a particular DAVID analysis, which are mapped to a particular GO term. GO terms were 
selected if they had a p-value of ≤ 0.05 and ≥ 5% of proteins from their respective lists attributed to them. C) 
A heatmap with the combined results of DAVID Bioinformatics, run with DEPs for each USMB condition. 
DEPs of interest (Table 1) from the USMB450kPa,6 h (DEP14), USMB750kPa,6 h and USMB750,24 h conditions 
were entered into DAVID Bioinformatics separately; a list of GO terms was generated for each group of 
DEPs. GO results were counted as “hits” if they had a p-value of ≤ 0.05 and if the number of proteins in each 
list attributed to a particular GO term was ≥ 5%. Results for each condition were plotted on one heatmap; 
overlapping hits are denoted by unique colours. (AJ – Adherens Junction; APM – Apical Plasma Membrane; BM 
– Blood Microparticle; ER – Endoplasmic Reticulum; ES – Extracellular Space; FA – Focal Adhesion; GA – Golgi 
Apparatus; IMBO – Intracellular Membrane-Bounded Organelle; PRC – Perinuclear Region of Cytoplasm; PM – 
Plasma Membrane; RNAP2TRC – RNA Polymerase II Transcription Regulator Complex).
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stress40,48,49. They can be influenced by their involvement in the regulation of ROS50,51 or their ability to protect 
the cell from ROS49, which are produced during USMB6. NQO1 is a coenzyme that is involved with many 
cellular processes such as proliferation and cell growth52. It protects the cell from oxidative stress by inhibiting 
the production of free radicals48. In addition, HMOX1 is upregulated in response to oxidative stress49,53. HMOX1 
expression is primarily stimulated by heme and oxidative stress53. BACH1 is a transcription factor (TF) that 
acts as a repressor to the HMOX1 gene, HMOX154. It has the capacity to bind to specific promoter sites called 
stress-responsive elements (StREs), inhibiting the transcription of the HMOX1 gene54. Heme driven HMOX1 
expression is conferred via binding of heme to BACH1, subsequently causing conformational change in BACH1; 
this reduces BACH1’s affinity to StREs, leading to its nuclear export, and degradation54. The elevated level of 
ROS activates Nrf2 which positively regulates HMOX1 transcription54,55. In addition, proteins such as GAS7 and 
MTSS1, which we observe to have increased expression following USMB, are involved with microfilaments56 
and actin filaments in the membrane57. GAS7 proteins can promote actin assembly and filament crosslinking56. 
MTSS1 plays a large part in the upkeep of cell–cell adhesions58.

Therapeutic potential of USMB-mediated DEPs
This study suggests the potential of a novel strategy for utilizing USMB that can be applied selectively (i.e. 
within a confined tissue) in modulating the cell proteomics, which is dynamically regulated and affects the 
cell’s function. The cell proteome may strategically be modulated by USMB and combined with other therapies 
such as chemotherapy, immunotherapy and radiotherapy in enhancing therapeutic outcome of cancer12,14,15, 
while simultaneously, enhancing targeted drug delivery to the disease site8,10,13,28,34. Therapeutic drug targets for 
AML have been proposed for multiple DEPs which can be modulated by USMB59–62. S100 and Annexin protein 
families, where USMB increased their expression, are promising therapeutic targets63–66. A prognostic study 
found a positive correlation between ANXA1 expression and favorable outcomes in 60 de novo AML patients67, 
and the increased expression induced by USMB may sensitize cells to apoptosis. In ovarian cancer cells (SKOV3 
and A2780), the knockout of S100-A10 resulted in significant reduction of proliferation and increased apoptosis 
with carboplatin68. Future work will investigate selective DEPs as therapeutic targets.

Conclusions
The application of USMB induced a broad spectrum of changes in the AML cell proteome. The protein 
expression depended on the ultrasound exposure parameters and varied with time following USMB. A 
significant modulation in the cell proteome was observed following exposure to ultrasound only in the presence 
of microbubbles, similar to the sonoporation bioeffect. USMB significantly enhanced the uptake of extracellular 
molecules in AML cells which otherwise would be excluded with little effect on cell viability. When considering 
the effects of acoustic pressure, the peak of protein expression varies, with the highest fold change for certain 
DEPs being achieved at higher acoustic pressures. The number of DEP and their magnitude of expression 
change, varied less predictably with the acoustic pressure, while the time following USMB exposure strongly 
influences the number of proteins which are DE. This suggests that USMB treatment conditions may be tailored 
to optimize the expression of the specific DEP of interest in developing cancer therapeutic targets or enhance 
existing therapies. Proteins such as HMOX1, ANXA1 and S100A10 and A11 may have potential to be used as 
drug targets and combined with USMB for enhanced therapeutic effect in cancer.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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