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Abstract

Background
Ovarian cancer treatment is currently hindered by chemoresistance and severe systemic toxicity. While
SLC34A2 is a highly expressed oncogenic target in ovarian cancer, existing targeted drug delivery
systems face challenges of poor tumor enrichment and off-target toxicity. Ultrasound-targeted
microbubble destruction (UTMD) offers a safe, non-viral gene delivery alternative.

Methods
We constructed LHRHa-targeted lipid microbubbles carrying SLC34A2-shRNA. OVCAR-3 cells were
exposed to a 1 MHz pulsed ultrasound beam (0.5 W/cm²) for 8 seconds. We assessed the regulatory
effects of UTMD-mediated SLC34A2 silencing on OVCAR-3 cell proliferation, migration, apoptosis,
intracellular phosphorus metabolism, and the PI3K/AKT signaling pathway.

Results
UTMD combined with targeted drug-loaded microbubbles significantly silenced SLC34A2 transcription
and protein expression. This intervention reduced intracellular phosphorus ion accumulation, inhibited
the phosphorylation of the PI3K/AKT pathway, strongly arrested tumor cell proliferation and migration,
and induced apoptosis.

Conclusion
UTMD-targeted microbubbles significantly enhance the intracellular transfection efficiency of shRNA.
This system effectively suppresses ovarian cancer progression in vitro, providing a promising
experimental basis for SLC34A2-targeted gene therapy.

1 Introduction
Ovarian cancer is a gynecological malignancy associated with an extremely high mortality rate
worldwide [1–2]. Currently, conventional clinical treatments are often compromised by chemoresistance
and significant systemic toxicity, which severely restrict improvements in patient prognosis [3–4].
SLC34A2 is abnormally upregulated in ovarian cancer tissues and represents a highly promising
therapeutic target [5–7]. Although several candidate drugs targeting this gene have entered clinical trials,
they generally exhibit weak tumor-targeting enrichment and prominent systemic adverse reactions,
thereby limiting their clinical efficacy [8–10].
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Small hairpin RNA (shRNA)-mediated gene silencing can efficiently abrogate the biological function of
SLC34A2 [11]. However, free shRNA exhibits poor stability in vivo and struggles to achieve effective
enrichment at tumor sites [12–13]. Ultrasound-targeted microbubble destruction (UTMD), relying on
widely available clinical ultrasound equipment, can achieve the controllable release of loaded therapeutic
agents specifically at the lesion site [14–15]. It offers unique advantages, including high biosafety and
precise localized drug delivery [16–17].

To date, systematic research evaluating the combination of UTMD technology with SLC34A2-targeted
gene intervention in ovarian cancer remains lacking. In this study, we prepared LHRHa-targeted
microbubbles loaded with shRNA targeting SLC34A2 and optimized the ultrasound parameters. We
aimed to explore the regulatory effects of this delivery system on the proliferation, apoptosis, and related
metabolic pathways of ovarian cancer cells. This study seeks to validate the application value of this
combined intervention, providing a preliminary experimental foundation for precise and low-toxicity
SLC34A2-targeted treatment strategies.

2 Materials and Methods

2.1 Cell Culture and Grouping
The human ovarian cancer cell line OVCAR-3 and normal ovarian epithelial cell line T29 were cultured in
complete medium containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL
streptomycin at 37°C in a humidified 5% CO₂ incubator. Cells in the logarithmic growth phase were used
for all experiments. Seven experimental groups were established: (1) Blank control group; (2) shRNA-
SLC34A2 group (free shRNA transfection); (3) NMB-sh group (non-targeted shRNA-loaded microbubbles,
no ultrasound); (4) TMB group (targeted blank microbubbles, no ultrasound); (5) shRNA-SLC34A2 + US
group (free shRNA with ultrasound); (6) NMB-sh + US group; and (7) TMB-sh + US group (core
intervention group: targeted shRNA-loaded microbubbles with UTMD). The standardized ultrasound
parameters were a 1 MHz pulsed beam (0.5 W/cm²) for 8 seconds, with the probe placed 2 mm above
the culture medium to ensure full coverage. Microbubble concentrations were standardized to 0.6 ×
10⁸/mL. Following interventions, cells were cultured for 24 hours prior to subsequent assays.

2.2 Preparation of lipid microbubbles
DSPC, DSPE-PEG2000, DSPE-PEG2000-Biotin, and DOTAP [Insert Manufacturer, Country] were pre-
dissolved in chloroform, mixed, and stirred at 60°C. The mixture underwent vacuum rotary evaporation at
45°C for 30 minutes to form a transparent film, followed by 4 hours of vacuum drying. Tris buffer was
added at 65°C for 10 minutes to detach the film. The suspension was immediately subjected to probe
sonication at 80% power for 10 minutes.

Non-targeted drug-loaded microbubbles (NMB-sh)
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The lipid suspension was displaced with C3F8 gas three times and vortexed for 45 seconds. Following
centrifugation (800 rpm, 5 min, 4°C), the microbubble layer was washed with PBS to obtain avidin-
modified microbubbles. Streptavidin (SA) was added and incubated for 1 hour at 4°C. shRNA-SLC34A2
stock solution was then introduced and incubated for 30 minutes in the dark, allowing electrostatic
loading via DOTAP.

Targeted blank microbubbles (TMB): Following SA incubation, biotinylated LHRHa (Biotin-LHRHa) was
added at an SA:LHRHa molar ratio of 1:1.2. The mixture was incubated at 4°C in the dark for 1 hour to
allow LHRHa binding via SA-biotin bridging.

Targeted drug-loaded microbubbles (TMB-sh)

Utilizing the TMB formulation, shRNA-SLC34A2 was added and incubated in the dark for 30 minutes at
room temperature. Particle size and concentration were assessed using nanoparticle tracking analysis
(NTA) (ZetaView-PMX120-Z, Particle Metrix, Germany).

2.3 Detection of cell proliferation and migration
For proliferation, OVCAR-3 cells were seeded into 96-well plates (1 × 10⁴ cells/well) and incubated for 24
hours. After the specified interventions and a subsequent 24-hour incubation, CCK-8 reagent
[Manufacturer] was added. Absorbance (OD) was measured at 450 nm using a microplate reader.

Migration was assessed using Transwell chambers (without Matrigel). Treated cells (2 × 10⁵ cells/mL in
200 µL serum-free medium) were seeded into the upper chambers, while 600 µL of 10% FBS medium
was added to the lower chambers. After 24 hours, cells remaining on the upper membrane surface were
removed. Migrated cells were fixed with 4% paraformaldehyde, stained with crystal violet, and counted
across five random fields under an inverted microscope.

2.4 Apoptosis detection and intracellular phosphorus ion
fluorescence staining
Cells were harvested using 0.25% trypsin, washed, and stained using an Annexin V-FITC/PI apoptosis kit
[Manufacturer]. Fluorescence signals were analyzed via flow cytometry.

For phosphorus tracking, treated cells grown on coverslips were fixed, permeabilized, and blocked. A
phosphorus-specific fluorescent probe [Manufacturer] was applied, followed by DAPI nuclear staining.
Fluorescence intensity, representing intracellular phosphorus accumulation, was quantified using a
fluorescence microscope.

2.5 RT-qPCR detection
Total RNA was extracted using TRIzol reagent. RNA purity was verified (A260/A280 ratio 1.8–2.1), and
cDNA was synthesized. RT-qPCR was performed using SYBR Green with β-actin as the endogenous
control. The thermocycling protocol was: 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 58°C for
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20 s, and 72°C for 20 s. The relative SLC34A2 mRNA expression was calculated using the 2⁻ΔΔCt
method.

2.6 Western Blot was used to detect the expression of
target genes and pathway proteins
Total proteins were extracted using RIPA buffer, and concentrations were normalized via the BCA
method. Proteins were separated by SDS-PAGE and transferred to NC membranes. Membranes were
blocked with 5% non-fat milk and incubated overnight at 4°C with primary antibodies against SLC34A2,
PI3K, p-PI3K, AKT, and p-AKT [Manufacturer]. Following TBST washes, membranes were incubated with
HRP-conjugated secondary antibodies. Protein bands were visualized using ECL chemiluminescence
and quantified via ImageJ software, normalized to β-actin.

2.7 Statistical Analysis
Data were analyzed using SPSS 20.0 and expressed as mean ± standard deviation (SD). Group
comparisons were performed using one-way ANOVA followed by Tukey’s post-hoc test. A P < 0.05 was
considered statistically significant.

3 Results

3.1 Physicochemical Characterization of Microbubbles
NTA revealed average particle sizes for NMBs, TMBs, and TMB-sh to be 131.7 nm, 108.6 nm, and 130.1
nm, respectively. All microbubbles exhibited uniform size distributions concentrated between 100–200
nm, displaying good dispersion without obvious agglomeration (Fig. 1).

3.2 UTMD-Mediated shRNA Delivery Significantly Inhibits
OVCAR-3 Cell Proliferation and Migration
CCK-8 assays revealed no significant cytotoxicity from the TMB + US group compared to the Blank group,
confirming the safety of the lipid carrier and low-intensity ultrasound. While free shRNA-SLC34A2 and
NMB-sh + US induced mild to moderate proliferation inhibition, the TMB-sh + US group demonstrated the
most pronounced suppression of cell viability (P < 0.05) (Fig. 2A). Transwell assays mirrored these
findings: transmembrane migration was maximally suppressed in the TMB-sh + US group compared to
all controls, confirming that targeted UTMD delivery synergistically impairs both proliferative and
migratory capacities (Fig. 2B).

3.3 Targeted UTMD Silencing Induces Apoptosis and
Reduces Phosphorus Accumulation
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Flow cytometry demonstrated low baseline apoptosis in control groups. The total apoptosis rate in the
TMB-sh + US group was significantly elevated compared to the free sh-SLC34A2 and NMB-sh + US
groups (P < 0.05) (Fig. 3A). Concurrently, fluorescence imaging showed that while control cells
accumulated large amounts of intracellular phosphorus, the TMB-sh + US intervention dramatically
attenuated this accumulation, suggesting successful disruption of phosphorus uptake (Fig. 3B).

3.4 TMB-sh + US Achieves Optimal SLC34A2
Transcriptional Silencing
RT-qPCR confirmed that the TMB-sh + US combination yielded the most robust downregulation of
SLC34A2 mRNA expression (P < 0.05). Simple ultrasound, blank microbubbles, or non-targeted delivery
systems failed to achieve comparable silencing efficacy (Fig. 4A).

3.5 Downregulation of SLC34A2 Inhibits the PI3K/AKT
Pathway
Western blot analysis corroborated the mRNA trends: SLC34A2 protein expression was lowest in the
TMB-sh + US group. While total PI3K and AKT levels remained stable across groups, phosphorylated p-
PI3K and p-AKT were significantly downregulated following TMB-sh + US treatment (Fig. 4B). This
demonstrates that UTMD-mediated SLC34A2 silencing effectively blocks PI3K/AKT signaling activation.

4 Discussion
In this study, LHRHa-targeted lipid microbubbles carrying shSLC34A2 were successfully constructed.
Utilizing standardized ultrasound intervention conditions (1 MHz, 0.5 W/cm², 8 seconds), our in vitro
results confirmed that UTMD-mediated targeted gene delivery effectively silenced SLC34A2 expression
in OVCAR-3 cells. This intervention reduced inorganic phosphorus accumulation, blocked the PI3K/AKT
signaling pathway, and significantly inhibited the proliferation and migration while inducing apoptosis in
ovarian cancer cells.

Traditional gene delivery vectors, such as viral vectors, often pose safety risks including immunogenicity
and insertional mutagenesis [18–19]. UTMD provides a non-viral, site-specific delivery alternative [20–
22]. By combining LHRHa targeting—which specifically binds to overexpressed LHRH receptors on
ovarian cancer cells [23–26]—with the cavitation effect of UTMD, our system transiently increased cell
membrane permeability (a phenomenon known as sonoporation) [27–30], facilitating the highly efficient
intracellular entry of shRNA.

Furthermore, SLC34A2 serves as a sodium-dependent phosphate transporter [31–32]. Its overexpression
in ovarian cancer drives abnormal phosphorus metabolism, which subsequently hyperactivates the
oncogenic PI3K/AKT signaling axis [33–35]. Our data align well with this underlying mechanism,
demonstrating that silencing SLC34A2 via our targeted UTMD system severely restricted phosphorus
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entry and correspondingly suppressed PI3K/AKT phosphorylation, ultimately leading to a reversal of the
malignant phenotype.

Despite these promising results, this study has limitations. Currently, the therapeutic efficacy and
biosafety of this system have only been validated in vitro. The complex in vivo tumor microenvironment,
hemodynamics, and clearance by the reticuloendothelial system may affect microbubble targeting and
shRNA stability [36–39]. Future studies utilizing ovarian cancer xenograft mouse models are necessary
to verify the in vivo tissue distribution, safety profile, and anti-tumor efficacy of this UTMD-targeted
delivery platform.

5 Conclusion
The combination of LHRHa-targeted lipid microbubbles and UTMD technology can safely and efficiently
deliver shRNA into ovarian cancer cells, leading to robust SLC34A2 silencing. This system successfully
abrogates abnormal phosphorus metabolism and inhibits the PI3K/AKT signaling pathway, suppressing
tumor proliferation and migration while promoting apoptosis. This novel delivery platform provides
compelling experimental evidence for the future clinical translation of SLC34A2-targeted therapies in
ovarian cancer.
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Figure 1

Physicochemical characterization of lipid microbubbles. (A) In situ morphological imaging and size
distribution of blank non-targeted microbubbles (NMBs) analyzed by nanoparticle tracking analysis
(NTA). (B) Morphological imaging and size distribution of targeted blank microbubbles (TMBs). (C)
 Morphological imaging and size distribution of LHRHa-targeted, shRNA-loaded microbubbles (TMB-sh).
All microbubbles exhibited uniform size distributions concentrated between 100-200 nm with good
dispersion.

Figure 2
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UTMD-mediated targeted delivery of SLC34A2-shRNA significantly inhibits the proliferation and
migration of OVCAR-3 cells. (A) Cell viability evaluated by CCK-8 assay across different intervention
groups after 24 hours of treatment. (B) Representative images and quantitative analysis of OVCAR-3 cell
migration determined by Transwell assays without Matrigel (magnification, ×200).

Figure 3

Targeted silencing of SLC34A2 by UTMD induces OVCAR-3 cell apoptosis and reduces intracellular
phosphorus accumulation. (A) Flow cytometry analysis of OVCAR-3 cell apoptosis using Annexin V-
FITC/PI double staining. (B) Representative fluorescence images of intracellular phosphorus ions
detected by a specific fluorescent probe (green). Nuclei were counterstained with DAPI (blue)
(magnification, ×400). The TMB-sh+US group displayed the weakest fluorescence signal, indicating
reduced phosphorus uptake.Figure 3
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Figure 4

UTMD-targeted shRNA delivery effectively downregulates SLC34A2 expression and suppresses the
PI3K/AKT signaling pathway. (A) The relative mRNA expression level of SLC34A2 in OVCAR-3 cells
across different groups evaluated by RT-qPCR, with β-actin serving as the internal control. (B)
Representative Western blot images and the corresponding gray-scale quantitative analysis of SLC34A2,
PI3K, p-PI3K, AKT, and p-AKT protein expression levels.
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