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PARP inhibitor (PARPi)-based synthetic lethal therapies have displayed limited benefits in BRCA-proficient
ovarian cancer. To potentiate the application of PARPI, an ultrasound contrast agent OLA-NDs for delivery of
the PARPi olaparib (OLA) was established for enhancing DNA damage by blocking DNA repair. OLA-NDs were
endowed with endogenous pH- and exogenous ultrasound (US)-responsiveness to target tumors, as well as
contrast-enhanced US imaging for diagnostic and therapeutic integration. OLA-NDs could upregulate NOX4 to
induce oxidative stress and sensitize BRCA wild-type A2780 cells to DNA oxidative damage through the utili-
zation of ultrasound-targeted microbubble destruction (UTMD). In addition, the strategy further increased ROS
production by interfering with mitochondrial function, thereby exacerbating DNA double-strand breaks (DSBs)
and inducing mitochondria-mediated apoptosis. As a consequence, the combined application of UTMD and OLA-
NDs demonstrated significant antitumor effects in vitro and in vivo. This combined strategy of amplifying
oxidative damage improved lethality by promoting DNA DSBs and apoptosis with reduced adverse side effects,

which would provide new insight for the clinical application of PARPi in BRCA-proficient ovarian cancer.

1. Introduction

Ovarian cancer consists of multiple histological types, 90 % of
ovarian cancers are of an epithelial cell type, and is the malignant tumor
of the female reproductive system with the highest mortality rate in the
world [1]. The remaining 10 % are non-epidermal ovarian cancer with a
good prognosis, such as germ cell tumors and sex cord-stromal tumors
[2]. Although CA125 has been FDA-approved for monitoring in
epithelial ovarian cancer, and its integration with HE4 in clinical deci-
sion algorithms (e.g., ROMA) represents ongoing improvements in early
detection strategies, the diagnostic sensitivity remains suboptimal [3].
The combination of these tools aims to improve early detection, though
limitations persist in sensitivity for early-stage disease. As a result,
approximately 70 % of patients have progressed to advanced disease at
the time of first diagnosis [4]. Although most patients initially respond
well to standard first-line therapy, recurrences have been reported
frequently, with five-year survival rates below 40 % [5]. Therefore, it is
crucial to optimize first-line treatment strategies to improve ovarian

cancer cure rates [6].

With the success of targeted therapies, new biological agents such as
PI3K inhibitors and Poly (ADP-ribose) polymerase inhibitors (PARPi)
have emerged in recent clinical trials, which play an important role in
cancer cell survival by regulating DNA replication and cell cycle [7].
PARPi are designed to inhibit PARP activity to prevent DNA
single-strand breaks (SSBs) repair and trap PARPs on DNA to interfere
with DNA replication, consequently leading to the formation of DNA
double-strand breaks (DSBs) and cell death [,8-10]. In BRCA-mutant
tumors, PARPi has established promising antitumor activity through
synthetic lethal due to homologous recombination (HR) deficiency,
making PARPi more sensitive to BRCA-mutant tumors than
BRCA-proficient tumors [11,12]. Recent studies have shown that PARPi
could activate innate immune cGAS-STING signaling to control
BRCA-proficient tumors in the immune microenvironment and can be
used as a maintenance therapy for BRCA-proficient tumors [13,14]. This
brought new perspectives for the application of PARPi in
BRCA-proficient tumors, but hematological toxicity and tumor
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resistance of PARPi also became inevitable [15,16]. Compared with
monotherapy, combination therapy has three major advantages,
including: improving anticancer efficacy, expanding drug use scenarios,
and delaying drug resistance. Thus, it is urgent to develop novel syn-
ergistic strategies for expanding the safe application of PARPi in
BRCA-proficient ovarian cancer.

Drug delivery systems (DDSs) have appeared as a powerful tool for
free drugs to increase bioavailability and minimize side effects. How-
ever, due to the presence of a high-density extracellular matrix, poor
penetration remains an obstacle to DDSs-mediated cancer therapy [17].
Owing to its controllable, noninvasive, and highly tissue penetrability,
US has been widely applied not only in clinical diagnosis but also in
cancer therapy [18]. Ultrasound-targeted microbubble destruction
(UTMD) is an US-mediated therapeutic technology that utilizes the re-
action of ultrasound contrast agents (UCAs) with mechanical forces to
increase tissue and cell membrane permeability for site-specific drug
delivery [19-21]. In addition, UTMD could lead to increased intracel-
lular reactive oxygen species (ROS) [22,23]. Physiological levels of ROS
could transmit intracellular signals, while an imbalance between ROS
generation and cellular defenses will result in cells under oxidative
stress, which triggers oxidative damage to biomolecules including pro-
teins and DNA [24-27]. NADPH oxidases 4 (NOX4), a member of the
NOX family of enzymes, controls various cellular processes through the
production of ROS, and recent studies have shown that NOX4 is involved
in the regulation of drug resistance and tumor metabolic processes [28,
29]. Therefore, UTMD may enhance DNA damage by upregulating
NOX4-induced oxidative stress, which increases the killing effect on
cancer cells. Sustained DNA damage may activate DNA repair mecha-
nisms, which would prevent tumor apoptosis and lead to a significantly
reduced therapeutic outcome [30-32]. Perhaps it is feasible to construct
UCAs to inhibit DNA damage repair and amplify oxidative damage from
UTMD.

Herein, we present a new strategy that combines UTMD and PARPi
for amplifying DNA damage in cancer. In this work, we designed a
nanoscale UCA delivering the classical PARPi olaparib (OLA), named
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OLA-NDs. O-carboxymethyl chitosan (O-CMC), which serves as the shell
of the OLA-NDs, is a biodegradable polysaccharide that accumulates and
releases encapsulated drugs in the acidic tumor microenvironment
(TME). The core of OLA-NDs is perfluorohexane (PFH), which facilitates
drug release and penetration deep into tumor tissue via US-stimulated
acoustic droplet vaporization (ADV) and could be used for contrast-
enhanced ultrasound (CEUS) imaging. Benefiting from the pH- and
US-responsiveness of OLA-NDs in tumors, OLA would be rapidly
released, inhibiting DNA repair and sensitizing cancer cells to ROS-
mediated oxidative damage. Meanwhile, UTMD triggers generate
robust ROS that induce DNA damage and oxidative stress for cancer cell
killing. Ultimately, the combination therapy reduces adverse effects
while suppressing tumors (Fig. 1). This strategy of amplifying oxidative
damage based on UCAs sheds light on the application of PARPi in BRCA-
proficient ovarian cancer.

2. Materials and methods
2.1. Materials

O-CMC and N-Acetylcysteine (NAC) were supplied by Macklin
(Shanghai, China). Tween 20, CCK-8 and JC-1 were provided by Solar-
bio (Beijing, China). OLA and PFH (Cg¢F14) were supplied by Aladdin
(Shanghai, China). Comet assay kit was acquired from Abbkine (Wuhan,
China). Viability/Cytotoxicity assay kit and DCFH-DA were provided by
Beyotime (Shanghai, China). Anti-BAX, anti-Bcl-2, anti-y-H2AX anti-
bodies were supplied by Abcam (Cambridge, UK). Anti-NOX-4 and anti-
B-actin antibodies were acquired from Proteintech (Wuhan, China).
Anti-8-OHdG were provided by Santa Cruz (TX, USA).

2.2. Cell culture and animal model

A2780 (human ovarian cancer) cells were supplied by ATCC and
cultured in DMEM containing 10 % FBS. OLA concentration was 40 pg/
mlL, US parameters were 0.5 W cm’z, 60 s. NAC (10 mM) was used in
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some experiments to pretreat cells.

Female BALB/c nude mice (4-5 weeks) were purchased from Vital
River Company (Beijing, China). A2780 cells suspension (5 x 10° cells)
was injected into the right flank of each mouse subcutaneously. OLA
dose for 50 mg/kg per mouse, US parameters were 1.25 W cm ™2, 1 min.

2.3. Preparation of (OLA-)NDs

The mixture of lecithin, Tween 20 and PFH was processed in an ul-
trasonic crusher (UP250, Scientz, China) for 5 min at 150 W in ice bath.
Then, re-sonication was performed by dropwise addition of O-CMC so-
lution with or without OLA. Suspensions were centrifuged at low speed
for 5 min to obtain the intermediate layer, which was then centrifuged
for 15 min at 13,000 rpm. Precipitates were washed with PBS in order to
remove impurities and free drug.

2.4. Characterization of (OLA-)NDs

Morphology of OLA-NDs was examined by transmission electron
microscopy (TEM, Tokyo, Japan). The particle size, polydispersity index
(PDI), and ¢ potential of OLA-NDs at different pH values (pH 7.4, pH 6.5,
and pH 5.5) were analyzed by Dynamic light scattering (DLS, Malvern
Zetasizer Nano, UK). Besides, { potential were assessed in pH 7.4, pH
7.1, pH 6.8, and pH 5.5. The particle size and PDI were also evaluated
within 48 h in 10 % FBS and under lyophilization.

The loading efficiency (LE) and encapsulation efficiency (EE) of OLA
in OLA-NDs were determined by UV spectrophotometer (DeNovix,
Wilmington, USA). After the optimal encapsulation efficiency of fresh
nanodrops was detected, it was compared with the encapsulation effi-
ciency of nanodrops obtained after lyophilization. To assess the pH
responsiveness, OLA-NDs solutions were loaded into dialysis bag and
placed in PBS of different pH as mentioned above at 100 rpm. At the set
time, removed 1 mL aliquot and added 1 mL of fresh PBS. To assess the
US responsiveness, OLA-NDs solution in the dialysis bag was subjected
to US irradiation and treated as described above. In addition, the drug
release behavior after US exposure was studied under different pH
conditions. After incubation of OLA-NDs with PBS at different pH for 4 h,
the respective supernatants were collected, detected, and removed,
considered the drug loading at this time as 100 %. Then ultrasonic
stimulation was applied and the supernatant was collected at different
time intervals. The accumulative release of OLA was calculated by UV
spectrophotometer.

To determine whether a phase transition occurred at 37 °C, a test
tube containing the OLA-NDs sample was immersed in a water bath and
then dropped onto a slide and observed under microscope. To demon-
strate the ADV, NDs were added to the well plates for US irradiated, and
then dropped on slides and observed under microscope. Besides, the
particle sizes of NDs with or without US were subsequently tested by
DLS.

Hemolysis assay was used to examine the hemocompatibility of NDs.
NDs were added to mouse blood cells and incubated 1 h at 37 °C. Optical
density (OD) of the supernatant was assessed using microplate reader
(Infinite M200, TECAN, Switzerland) at 545 nm.

2.5. CEUS imaging

An US diagnostic instrument with a 9 L linear transducer (LOGIQ E9,
GE, USA) was used for US imaging. For in vitro, PBS or OLA-NDs solution
was injected into latex gloves that were immersed in water for imaging.
Tumor-bearing mice were anesthetized and the tumor was imaged after
intravenous injection with 200 pL of PBS or OLA-NDs for in vivo imaging.

2.6. Tumor-targeting ability

Cellular uptake of NDs was observed through confocal laser scanning
microscope (CLSM, Olympus SpinSR10, Japan). A2780 cells were
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incubated with Dil-labeled NDs, US irradiated after 0.5 h. Cells were
incubated in dishes of different pH for 2 h for the pH response, finally
observed by CLSM. Besides, the cellular uptake of OLA-NDs was inves-
tigated on LX2 cells.

Tumor-bearing mice were anesthetized and injected intravenously
with Dil-labeled NDs, the fluorescence signal was visualized and quan-
tified at set times with the IVIS imaging system. Mice were executed at
24 h, tumors were dissected for fixed and dehydrated, then sectioned
and stained with DAPI, and visualized with CLSM.

2.7. Intracellular ROS measurement

A2780 cells were planted in 6-well plants for 24 h after different
treatments. ROS production in A2780 cells was labeled with the fluo-
rescent probe DCFH-DA and observed with fluorescence microscope.

2.8. Alkaline comet assay

Cell suspension was fixed and embodied in agarose which above in
comet slides. Then, the cells were lysed and electrophoresed with
alkaline electrophoresis solution at 20 V/300 mA. Cells were stained
with propidium iodide (PI) and observed by fluorescence microscopy.
Comet tail length and percentage of DNA in the tail (TailDNA%) can be
used to assess the extent of DNA, with TailDNA% defined as tail DNA
intensity/total DNA intensity x 100 %.

2.9. Calculation of PARP activity

PARP activity was determined by ELISA kits. Firstly, different groups
of cells were lysed and centrifuged to obtain the supernatant. Then the
prepared standards, samples and blank groups were added to the assay
wells and the other components were added step by step according to
the instructions and the absorbance was measured using a microplate
reader.

2.10. Immunofluorescence

Cells were fixed and permeabilized for 24 h after different treat-
ments, and incubated with primary antibody overnight at 4 °C. Then,
cells were incubated with fluorescently labeled secondary antibody,
stained with DAPI and observed by fluorescence microscopy. Immuno-
fluorescence quantitative analysis was completed by Image J software.

2.11. Cell cycle

The cell cycle was analyzed by PI staining. After 12 h of incubation
with different treatments, cells were collected, centrifuged and fixed
overnight in 75 % ethanol. Cells were stained with PI, quantified by flow
cytometry and analyzed using ModFit LT software.

2.12. Mitochondrial membrane potential (MMP) detection

MMP changes were detected using the fluorescent probe JC-1. After
different treatments, cells were added with JC-1 staining solution and
incubated for 20 min at 37 °C. Then cells were observed by fluorescence
microscope.

2.13. Bio-TEM imaging

Mitochondrial morphology of different groups of cells was examined
by TEM. Cells after 24 h of treatment were digested and centrifuged and
resuspended with 2.5 % glutaraldehyde. After embedding, ultrathin
sections were made and observed under TEM.
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2.14. Western blot

Protein extracted from six groups of cells after different treatments
were subjected to electrophoresis, membrane transfer, and incubation of
primary and secondary antibodies. Visualization of the protein bands
were done by the chemiluminescence instrument (Tanon-4800,
Shanghai, China). Gray scale values were analyzed using Image J
software.

2.15. Invitro antitumor ability

Viability/cytotoxicity assay kits are used to assess the live and dead
of different groups on cells. A2780 cells were planted in 12-well plants
for 24 h after different treatments. Cells were incubated with Calcein
AM/PI working solution at 37 °C for 30 min and observed by fluores-
cence microscopy.

Cell proliferation was assayed by EdU kit. Cells were stained ac-
cording to the instruction method at 24 h after the different treatments
and observed with fluorescence microscopy.

Cell viability was assessed by CCK-8 assay. A2780 cells were cultured
in 96-well plates (5 x 10° cells/well), the medium was changed with a

(with or without)
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9:1 mixture of DMEM and CCK-8 solution at 24 h after the different
treatments. Absorbance was calculated at 450 nm using microplate
reader.

Cell migration was assessed by wound healing assay. A2780 cells
were planted in 6-well plates, and wounds were created with a 200 pL
pipette tip. Cells were cultured in DMEM containing 2 % FBS for 48 h
after different treatments. Relative wound healing area (%) = (Wound
area at 0 h - Wound area at 48 h)/Wound area at 0 h x 100 %. Wound
area was quantified with Image J.

Cell invasion was assessed through transwell assay. Matrigel was
placed in the transwell chamber and allowed to solidify, 2 x 10° cells
resuspended in 200 pL. DMEM without FBS at the upper layer. 600 pL
DMEM containing 15 % FBS was added in the lower layer. Cells were
fixed and stained after 24 h. Invasive cells were counted under
microscope.

2.16. In vivo antitumor ability
When tumors reached 50 mm®, mice were randomly divided into 6

groups (n = 5). Tumor volume and body weight were assessed every 2
days, and treatment was administered via intravenously every 3 days in
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each group. After 12 days, mice were executed and tumors were disso-
ciated for immunofluorescence, immunohistochemistry (IHC), H&E,
and TUNEL staining. Major organs were harvested for H&E staining.
Tumor volume = 1/2 x width? x length. The function of the major
organs of control group and OLA-NDs group was evaluated after 30 days.
The main serological indicators included hepatic function—alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and albumin
(ALB), kidney function—blood urea nitrogen (BUN), creatinine (CREA),
and uric acid (UA), and cardiac function—creatine kinase (CK) and
creatine kinase isoenzyme (CK-MB).

2.17. Statistical analysis

All data were displayed as mean+SD. One-way ANOVA was applied
for multiple groups. Student’s t-test was applied for two groups. *p <
0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 was shown to be
statistically significant.

3. Results and discussion
3.1. Preparation and characterization of OLA-NDs

The synthetic procedure of OLA-NDs was shown in Fig. 2A. OLA-NDs
were first prepared by a homogeneous emulsion method, OLA was
successfully loaded into OLA-NDs. TEM was used to investigate the
morphology of NDs in different pH. OLA-NDs were well-dispersed with a
spherical shape at pH 7.4 (pH of blood circulation) (Fig. 2B). As shown
in Fig. 2C, OLA-NDs displayed acid-responsive swelling and aggregation
at pH 5.5 (pH of endosomes). Tumor dependence on aerobic glycolysis,
which makes the TME acidic, pH difference between normal and tumor
tissue could be exploited to increase drug concentrations at the lesion
site [33,34]. O-CMC could regulate its own solubility and surface charge
conversion in response to pH changes, thus O-CMC-based nanocarriers
could accumulate and release drugs in acidic TME [35]. To further
examine the pH response of OLA-NDs, DLS was applied to determine
their size and potential at different pH environments. OLA-ND has a
particle size of 266.0 nm with PDI of 0.163 at pH 7.4, (Fig. 2D). As
shown in the particle size distribution (Fig. 2E), OLA-NDs were stable at
both pH 7.4 and pH 6.5 (pH of TME), whereas the particle size and PDI of
OLA-NDs increased dramatically at pH 5.5, suggesting that OLA-NDs
was expanded and aggregated at pH 5.5. { potential change of
OLA-NDs under different pH confirmed its acid-responsive charge con-
version ability (Fig. 2F). At pH 7.4, the { potential of OLA-NDs was
negative (—6.15 + 1.0 mV), suggesting that it could be applicable for
DDSs as the negative charge could prevent them from being removed
prematurely in circulation. The { potential of OLA-NDs was converted to
a positive value at pH 6.5, thus promoting accumulation and cell
internalization in tumors [36]. Besides, we also found that the ¢ po-
tential was close to zero at pH 6.8 (Fig. S1). Compared with freshly
prepared NDs, its particle size and PDI showed less variation in the
simulated blood environment and lyophilized state, which indicated
satisfactory stability (Fig. S2).

When the OLA dosage was 1.5 mg, OLA-NDs exhibited optimal EE
and LE, 50.3 % and 12.6 % respectively (Fig. S3A). And there was no
statistically significant difference in EE between fresh and lyophilized
nanodrops (Fig. S3B). Optimal tumor-targeted DDSs should release
drugs in rapid response to TME after accumulation in tumor. The
behavior of drug release from OLA-NDs at different pH and US exposure
was evaluated. OLA release from OLA-NDs was relatively slow at pH 7.4,
suggesting that OLA-NDs were able to preserve the drug effectively in
the blood circulation with less leakage. In contrast, at pH 6.5 and pH 5.5,
OLA-NDs released OLA rapidly and sustainably over 24 h, with cumu-
lative releases of 51.7 + 3.3 % and 75.8 + 2.8 %, respectively (Fig. 2G).
After US irradiation, OLA-NDs exhibited instantaneous release, with up
to 72.1 £ 2.5 % release within 8 min (Fig. 2H). Meanwhile, a negligible
amount of drug was released from OLA-NDs with the absence of US
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stimulation. TME has a special physicochemical environment, resulting
in a complex metabolic pattern [37]. Single-response DDSs respond
slowly at the tumor site, which prevents the drug from being fully
released, leading to mediocre therapeutic effects [38]. Under different
pH conditions, the drug release increased accordingly with decreasing
pH, and the cumulative releases after 2 min of US stimulation were 34.5
+ 2.6 %, 43.6 + 1.2 %, and 53.1 + 5.0 % (P < 0.05), respectively
(Fig. S4). The above results strongly supported that OLA-NDs could
release drugs via both endogenous pH response and exogenous US
stimulation, which is expected to serve as effective anti-tumor DDSs.

3.2. Biocompatibility and echogenicity of NDs

The prerequisite for DDSs applications is good biocompatibility. As
shown in Fig. 3A, even with NDs concentrations as high as 600 pg/mL,
the hemolysis rate was less than 5 %. In addition, NDs ranging from 20 to
600 pg/mL had a negligible effect on cell viability (Fig. 3B), suggesting
that NDs have the advantages of low toxicity and hemocompatibility as
DDSs. Perfluorocarbon liquids can undergo a phase transition upon
exposure to sufficiently powerful US and a temperature increase, and the
resulting microbubbles can be used for imaging or therapeutic delivery
[39,40]. Next, we explored the responsiveness of NDs with a PFH core to
temperature and US irradiation. We found the size of NDs increased
significantly when exposed to US due to the ADV of PFH (Fig. S5). In
addition, we examined the particle size of NDs under US exposure by
DLS which showed that the ND particle size increased to 835 nm
(Fig. S6). However, no significant changes in NDs were observed at 25 °C
and 37 °C (Fig. S7), indicating that NDs were stabilized at both tem-
peratures, which ensured that they did not experience phase transition
in circulation before reaching the targeting site. To further evaluate the
echogenicity of NDs, in vitro and in vivo US imaging was acquired using
CEUS mode. After US irradiation, OLA-NDs exhibited a strong echo
signal at CEUS mode in vitro. In contrast, no significant echo signal was
observed with PBS (Fig. 3C). As shown in Fig. 3D, after PBS was
administered intravenously to mice, the tumor was the same as before
injection, with almost no echo signal. In contrast, when the tumor area
in the OLA-NDs group experienced US irradiation, the echo signal
increased significantly and almost filled the entire tumor. Taken
together, OLA-NDs exhibited good biocompatibility and enhanced
contrast imaging for real-time US imaging guidance.

3.3. Intracellular uptake and tumor-targeting efficiency of NDs

CLSM was employed to assess the cellular internalization of Dil-
labeled NDs. Red fluorescence representing NDs was observed intra-
cellularly at pH 7.4, and the fluorescent intensity increased significantly
when the surrounding environment was pH 6.5 (Fig. 4A), implying that
the charge of NDs on the O-CMC surface was inverted to be positive at
pH 6.5, which facilitated the interaction of NDs with the negatively
charged cell membrane. Since the pH of the tumor microenvironment is
different from that of normal tissues, we observed the uptake of NDs in
A2780 cells (human ovarian cancer cell) and LX2 cells (human hepatic
stellate cell). As shown in Fig. S8, NDs uptake by A2780 cells was
significantly more compared to LX2 cells, indicating that NDs would be
able to target the tumor site. UTMD could increase cell membrane
permeability through sonoporation to promote cell internalization [41].
A significant accumulation of red fluorescence was observed around the
nucleus after US irradiation (Fig. 4B), suggesting that in addition to
surface charge reversal, NDs could be internalized by cells through
UTMD-mediated sonoporation.

Invivo, tumor targeting of NDs was examined with IVIS using A2780
tumor-bearing mice as a model (Fig. 4C). As shown in Fig. 4D, after
administration via the tail vein, the accumulation of fluorescent signal of
NDs in the tumor increased and then decreased, reaching a peak at 4 h.
Fluorescent signals that accumulated in the tumor were still visible after
24 h, indicating the long retention and enhanced permeability and
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retention effects of NDs. At this point, mice were executed to isolate
tumors and major organs for imaging and quantification of the bio-
distribution of NDs. As shown in Fig. 4E and F, a certain percentage of
fluorescent signals were observed in the liver and kidney, which may
result from the fact that part of the NDs were phagocytosed by the he-
patic reticuloendothelial system during systemic circulation, and then
metabolized and eliminated from the body by the kidney. Frozen sec-
tions of tumor tissues showed significant intracellular red fluorescence
around the nuclei (Fig. 4G), which further indicated that NDs possessed
the ability to penetrate and target A2780 tumors.

3.4. UTMD combined with OLA-NDs induces DNA oxidative damage

To assess the state of oxidative stress by measuring intracellular ROS,
DCFH-DA was employed as an indicator and oxidized to emit green
fluorescence. US-irradiated A2780 cells produced a large amount of
ROS, with the strongest green fluorescence in the OLA-NDs + US group
(Fig. 5A). Notably, OLA and OLA-NDs also produced a certain amount of
ROS, which was attributed to the fact that PARPi also increase oxidative
stress in addition to compromising DNA repair [42]. This result indi-
cated that UTMD combined with OLA-NDs could amplify oxidative
stress.

In preliminary experiments (Fig. S9), we evaluated the sensitivity of
BRCA wild-type ovarian cancer cell lines (SKOV3 and A2780) to OLA

and observed that A2780 cells were less drug-sensitive than SKOV3 cells.
Therefore, we chose A2780 cells as a model to validate the efficacy. It
has been reported that overproduction of ROS would trigger DNA
damage, we investigated whether UTMD combined with OLA-NDs in-
duces DNA damage in A2780 cells. The alkaline comet assay detects
DNA strand breaks in a tail-rectangular manner, reflecting the extent of
DNA damage (Fig. 5B). A significant increase in the TailDNA% was seen
in OLA-NDs + US group, suggesting serious DNA damage occurred in
cells. Quantitative results displayed that OLA-NDs + US group showed
significantly higher DNA damage than the other groups (Fig. 5C), which
might be related to the PARP activity inhibited by OLA. PARP family
proteins, especially PARP1 and PARP2, are catalytic enzymes that
rapidly respond to DNA damage and initiate DNA repair [43]. As shown
in Fig. 5D, PARP-1 and PARP-2 activities were significantly increased in
NDs + US group compared to control group, while PARP activities were
decreased in OLA-NDs + US group compared to ND + US group. The
phenomenon suggested that UTMD can lead to severe DNA damage,
whereas OLA was released to inhibit PARP activity, consequently lead-
ing to the accumulation of SSB in cells within the combined treatment
group due to impaired repair mechanisms. To confirm that UTMD
combined with OLA-NDs produced DSBs in A2780 cells, we next
examined y-H2AX, a biomarker for DNA DSBs (Fig. 5E). The result
showed that the mean fluorescence intensity (MFI) of the OLA-NDs + US
group was 3.19 times of the control group and 2.04 times of the OLA
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group (Fig. S10), supporting increased DNA DSBs formation. In addition,
cell cycle experiments showed that UTMD combined with OLA-NDs
induced more S-phase accumulation (Fig. S11), suggesting that the
combined therapy resulted in a failure of the cell cycle to proceed
smoothly and blocked DNA synthesis [44].

To determine that the DNA damage caused by the combination
therapy resulted from ROS, we treated A2780 cells with NAC (ROS
scavenger) and observed that both DNA strand breaks and y-H2AX
accumulation were reversed in the OLA-NDs + US group by the addition
of NAC (Fig.S12 and Fig.S13). In addition, 8-OHdG, a marker of
oxidative DNA damage, accumulated more on A2780 cells in OLA-NDs
+ US group compared to the other groups (Fig. 5F and Fig. S14). These
results suggested that oxidative DNA damage resulting from combina-
tion therapy-mediated ROS overproduction was associated with DNA
DSBs formation.

Based on the above, it could be concluded that UTMD combined with
OLA-NDs could lead to increased DNA damage in BRCA wild-type
A2780 cells by generating ROS causing oxidative stress and blocking
DNA repair pathways.

3.5. UTMD combined with OLA-NDs amplifies oxidative stress by
interrupting mitochondrial function

NOX4 is the major source of cellular ROS, and its overactivation
would lead to increased oxidative stress [45,46]. To investigate whether
NOX4 plays a role in amplifying oxidative stress during combination
therapy, we analyzed cellular NOX4 protein levels in each group. As
shown in Fig. 6A, after US irradiation, A2780 cells exhibited an

enhanced red fluorescence, implying that UTMD upregulated NOX4
expression. Besides, the highest NOX4 expression was observed in
OLA-NDs + US group (Fig. S15), which is in agreement with the results
of ROS generation, suggesting NOX4 is a target for UTMD to amplify
oxidative stress by binding to OLA-NDs. In addition, compared with
OLA-NDs + US group without NOX-4 inhibitor (GLX351322), the fluo-
rescence intensity of ROS in cells pretreated with NOX-4 inhibitor was
obviously weakened, suggesting that ROS generated by the combination
of OLA-NDs with UTMD were mainly from NOX-4 (Fig. S16).
NOX4-produced ROS not only contributes to oxidative stress but also
to mitochondrial dysfunction and cell death. We next investigated the
effect of combination therapy on mitochondria. JC-1 staining was first
used to examine the combination therapy-induced MMP changes. In
normal mitochondria, JC-1 shows polymers that emit red fluorescence,
whereas JC-1 shows monomers that emit green fluorescence in damaged
mitochondria due to the reduction of MMP. As shown in Fig. 6B, OLA-
NDs + US group exhibited an increased JC-1 monomer/polymer ratio
compared to OLA-NDs group or NDs + US group, indicating combina-
tion therapy induces MMP loss and mitochondrial damage. We further
performed TEM to observe the mitochondrial structure of A2780 cells
subjected to different treatments. The number of normal mitochondria
was decreased in the other groups compared to control and NDs groups.
Especially, OLA-NDs + US group displayed swollen mitochondria,
mitochondrial cristae breakdown, and vacuolization in the matrix,
suggesting that the combination of UTMD with OLA-NDs severely
damaged the mitochondrial structure (Fig. 6C). Given that mitochon-
drial dysfunction also generates ROS [47], UTMD combined with
OLA-NDs could amplify oxidative stress by interrupting mitochondrial
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function.

Mitochondria are regulatory centers for apoptosis responses to
therapy-induced stress signals in cancer cells [48,49]. To further verify
mitochondria-mediated apoptosis, we investigated the effect of com-
bined therapy on the expression of mitochondrial apoptosis coregulators
BAX and Bcl-2. BAX is a pro-apoptotic protein that is located in the outer
mitochondrial membrane. On the contrary, Bcl-2 inhibits BAX activity to
prevent alteration of mitochondrial membrane permeability and
apoptosis [50]. When detecting the expression of BAX and Bcl-2, it was
found that in the OLA-NDs + US group, the expression of BAX was
upregulated and the expression of Bcl-2 was downregulated (Fig. 6D).
This change suggests that the mitochondrial-mediated apoptotic
pathway was significantly activated. Quantitative analysis of protein
expression also confirmed this statement (Fig. S17). Overall, it can be
seen that combination therapy upregulates NOX4-produced ROS, lead-
ing to mitochondrial dysfunction and secondary ROS production, which
together with NOX4-produced ROS could result in the accumulation of
additional ROS, creating a cycle of oxidative stress that promotes
apoptosis.

3.6. In vitro antitumor efficacy

To examine the antitumor effect of the oxidative damage amplified
therapy, the cytotoxicity of UTMD combined with OLA-NDs was inves-
tigated by Calcein AM/PI staining. The green fluorescent dots represent
live cells and the red fluorescent dots represent dead cells. The highest
red/green ratio was observed in OLA-NDs + US group, which indicated
that combined therapy could lead to maximum cell death with the
strongest inhibitory effect on cancer cells (Fig. 7A). EdU assay was used
to determine the efficacy of the combination therapy on the proliferation
of A2780 cells. The lowest percentage of EQU-positive cells was observed
in the OLA-NDs + US group, indicating that this combination therapy
significantly inhibited the proliferation of cancer cells (Fig. 7B and C). As
shown in Fig. 7D, free OLA exhibited limited effects on the viability of
A2780 cells. Notably, OLA-NDs + US group showed stronger cytotox-
icity than OLA group, OLA-NDs + US group, and NDs + US group. Be-
sides, we also performed a dose-response curve of OLA-NDs, and the
result showed that IC50 was 38.77 pug/mL without US and 26.95 pg/mL
with US (Fig. S18), indicating that the synergistic effect of UTMD and
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OLA-NDs enhanced cytotoxicity.

Next, wound healing assay and transwell assay were performed to
assess the migration and invasion of A2780 cells. The relative rate of
wound healing for the OLA-NDs + US group was 25.5 £ 7.7 %, with
negligible change in scratches after 48 h. In contrast, the relative rates of
wound healing in the NDs + US group and OLA-NDs group were 57.6 +
6.1 % and 61.8 + 4.8 %, respectively (Fig. 7E and G). The number of
invading cells in the NDs + US group, free OLA group, and OLA-NDs
group were 76 + 18, 137 + 13, and 95 + 12, respectively, and the
OLA-NDs + US group displayed the lowest number was 18 + 9 (Fig. 7F
and H), suggesting that the effectiveness of combined therapy in sup-
pressing cell migration and invasion.

The above result suggests that the combined strategy of amplifying
oxidative damage could effectively inhibit cancer cell proliferation,
enhance cytotoxicity, and suppress their migration and invasion.

3.7. In vivo antitumor efficacy and preliminary safety evaluation

Given the significant antitumor efficacy of UTMD and OLA-ND in
vitro, we investigated their antagonistic effects and mechanisms for
xenografted tumors (Fig. 8A). Tumors were excised on day 12 (Fig. 8B).
As shown in Fig. 8C, it might be due to the biocompatibility of NDs, mice
treated with NDs displayed similar rates of tumor growth compared to
control group. Besides, the OLA group and the NDs + US group

displayed moderate retardation of tumor growth, indicating that mon-
otherapy was insufficient to control tumor progression. Compared with
the other groups, tumor growth could be inhibited more effectively
under the combined treatment of UTMD and OLA-NDs. The tumor
weight in the OLA-NDs + US group (0.46 + 0.19 g) was 2.30-fold less
than that in the OLA-NDs group (1.06 =+ 0.16 g) and 2.28-fold less than
that in the NDs + US group (1.05 + 0.21 g), which is strong evidence for
the effectiveness of the combination of UTMDs combined with OLA-NDs
in inhibiting tumor growth (Fig. 8D). H&E staining of the tumors dis-
played that the OLA-NDs + US group presented the maximum area of
severely damaged (nuclear atrophy and fragmentation) tumor cells.
Moreover, similar results have also been observed in the TUNEL assay
with red fluorescence representing apoptosis cells. The IHC staining of
Ki67 results revealed that the proliferation of tumor cells in the OLA-
NDs + US group was markedly decreased (Fig. 8F). The above results
revealed a cumulative antitumor effect between OLA-NDs and UTMD,
this may be a synergistic effect of oxidative stress-enhanced DNA dam-
age and blocked DNA repair.

Subsequently, we determined the antitumor mechanism of the
combined therapy in vivo. As shown in Fig. 8G, UTMD combined with
OLA-NDs was shown to be effective in increasing the expression of
y-H2AX and 8-OHdG, which implied that DNA was severely damaged.
Moreover, compared with the control group and NDs group, the
expression of BAX was increased in each group, whereas the expression
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of Bcl-2 was significantly decreased. The results indicated that the
antitumor effect of the combined therapy in vivo was associated with
enhanced DNA damage and mitochondria-mediated apoptosis.

After treatment with different formulations, a slight increase in body
weight could be monitored in all groups of mice, and no significant
adverse effects were observed (Fig. 8E). No apparent pathological
changes were found on major organs in all groups of mice (Fig. S19).
Furthermore, to evaluate major organ function after long-term drug
administration, we injected OLA-NDs into mice and examined serolog-
ical indicators after 30 days (Fig. S20), which showed no myocardial
injury and no changes in hepatic or kidney function (P>0.05), further
indicating that all the formulations have excellent biosafety for living
animals. These results indicated the combination of UTMD and OLA-NDs
can potently suppress tumor growth without significant systemic
toxicity.

4. Conclusion

In summary, we fabricated OLA-NDs to enhance oxidative damage
for tumor inhibition with the utilization of UTMD. UTMD combined
with OLA-NDs exhibited improved cell internalization behavior and
tumor-target drug delivery. UTMD could cause oxidative DNA damage
in A2780 cells by upregulating NOX4-produced ROS, leading to DNA
DSBs. Moreover, this combination therapy further increased ROS pro-
duction by interfering with mitochondrial function, which exacerbated
the DNA damage in conjunction with DNA repair blockade, thereby
synergistically killing A2780 cells and inhibiting the growth of A2780
tumors. The current findings offer exciting possibilities for expanding
PARPi in BRCA-proficient ovarian cancer. This study also has limitations
such as the lack of comparative validation of different types of ovarian
cancer cells (e.g., BRCA-deficient and BRCA-proficient) and mouse
models.
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