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Background: Olaparib, a poly (adenosine diphosphate-ribose) polymerase (PARP) inhibitor has demonstrated promising efficacy in
patients with triple-negative breast cancer (TNBC) carrying breast cancer gene (BRCA) mutations. However, its impact on BRCA
wild-type (BRCAwt) TNBC is limited. Hence, it is crucial to sensitize BRCAwt TNBC cells to olaparib for effective clinical practice.
Novobiocin, a DNA polymerase theta (POLO) inhibitor, exhibits sensitivity towards BRCA-mutated cancer cells that have acquired
resistance to PARP inhibitors. Although both of these DNA repair inhibitors demonstrate therapeutic efficacy in BRCA-mutated
cancers, their nanomedicine formulations’ antitumor effects on wild-type cancer remain unclear. Furthermore, ensuring effective drug
accumulation and release at the cancer site is essential for the clinical application of olaparib.

Materials and Methods: Herein, we designed a progressively disassembled nanosystem of DNA repair inhibitors as a novel strategy
to enhance the effectiveness of olaparib in BRCAwt TNBC. The nanosystem enabled synergistic delivery of two DNA repair inhibitors
olaparib and novobiocin, within an ultrathin silica framework interconnected by disulfide bonds.

Results: The designed nanosystem demonstrated remarkable capabilities, including long-term molecular storage and specific drug
release triggered by the tumor microenvironment. Furthermore, the nanosystem exhibited potent inhibitory effects on cell viability,
enhanced accumulation of DNA damage, and promotion of apoptosis in BRCAwt TNBC cells. Additionally, the nanosystem
effectively accumulated within BRCAwt TNBC, leading to significant growth inhibition and displaying vascular regulatory abilities
as assessed by magnetic resonance imaging (MRI).

Conclusion: Our results provided the inaugural evidence showcasing the potential of a progressively disassembled nanosystem of
DNA repair inhibitors, as a promising strategy for the treatment of BRCA wild-type triple-negative breast cancer.
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Introduction

Breast cancer is the leading cause of morbidity and mortality in women worldwide, accounting for 30% of new cancer
cases and 15% of deaths."” Triple-negative breast cancer (TNBC) is a highly heterogeneous breast cancer type
characterized by a lack of hormone receptors and a poor clinical prognosis.** Although chemotherapy is still the first-
line treatment for most patients with TNBC, adverse side effects limit its application.”® In addition, about 10-15% of
TNBC patients have mutations in BRCA genes, which also seem to be one of the driving factors of TNBC.”*
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Meanwhile, BRCA-regulated DNA homologous recombination (HR) repair is often absent or lost in cancer types with
BRCA mutations, which are sensitive to some DNA repair inhibitors.” !

In the realm of combatting TNBC, a cohort of highly selective DNA repair inhibitors has emerged as efficacious agents for
the precise modulation of DNA repair signaling pathways.'? Cancer cells with BRCA mutations is the detriment to the HR DNA
repair pathway, resulting in insufficient repair of double-strand breaks (DSB). Within this context, it is noteworthy that members
of the poly (ADP-ribose) polymerase (PARP) family have been identified as pivotal participants in the DNA damage response
(DDR)."*!'* Of paramount significance, PARP inhibitors have risen to prominence as one of the most promising and innovative
strategies in the realm of targeted cancer therapy. These inhibitors can induce synthetic lethality in HR repair deficient cells,
offering an efficacious means to impede the proliferation and survival of cancer cells.'” Olaparib, the first PARP inhibitor
approved for BRCA-mutated breast cancer, has shown promising efficacy in patients with metastatic breast cancer or germline
BRCA-mutated breast cancer, including some TNBC patients.'®!” However, the overall mutation rate of BRCA1/2 genes in
TNBC patients is low and the monotherapy application of PARP inhibitors can develop drug resistance.'®'? Besides, PARP
inhibitors can promote the repair failure of DSB to induce cancer cell death in breast cancers with BRCA mutations, which also
show modest activity in BRCAwt breast cancer.””?' Although olaparib showed great promise for the treatment of BRCA-mutant
cancers, more than 40% of BRCA-mutant patients do not respond to PARP inhibitors or develop resistance after treatment.”*>*
Furthermore, the skilled HR repair present in BRCAwt TNBC is naturally insensitive to PARP inhibitors.>*** Currently, several
research strategized that sensitize BRCAwt TNBC to PARP inhibitors by modulating the DDR, such as inactivation of the prolyl-
isomerase, inhibition of DDR proteins or enhancer of zeste homologue 2 (EZH2).2°® Furthermore, recent studies indicated that
depletion of the DNA polymerase theta (POLS) can kill BRCA1/2 gene-dominated HR deficient tumors and has a synergistic
effect on PARP inhibitors.”® >' Therefore, there is still a great need to develop strategies to increase the sensitivity of PARP
inhibitors which has important therapeutic implications for the treatment of BRCAwt TNBC.

Nanomedicine has made substantial strides in advancing cancer treatment through its ability to enable precise drug
delivery to tumor sites, concurrently reducing side effects. Within the domain of cancer therapeutic diagnostics,
nanocarriers designed for drug delivery and targeted therapies have garnered considerable interest.**>* Furthermore,
rapid nanoscale drug delivery systems (NDDS) development can exhibit high stability under physiological conditions,
multifunctionality and suitable biocompatibility trends.”®**>> At the same time, drug delivery into cells must be
efficiently loaded by NDDS, not leaked before being transported into the cell, and a reasonable drug release rate.**’
Silica is an NDDS with better storage performance, which can maintain the internal drug for a long time without
releasing it.>**° Some suitable modifications to the linkage between the surfaces of the NDDS enable the acidification
and redox degradation strategies of cells, such as triggering redox-responsive degradation behavior of disulfide bonds and
glutathione (GSH).*'** Compared with traditional NDDS, the degradable disulfide bridged NDDS exhibited a faster
drug release rate and could be degraded under reducing conditions. Considering the notable disparity in GSH concentra-
tions between tumor extracellular and intracellular fluids, coupled with the coexistence of low pH and high GSH
concentrations within the cytoplasm of tumor cells, the utilization of disulfide bond oxidation-responsive stimulation
holds distinct advantages for TNBC.***” The unique advantages of redox gating-based NDDS are expected to be
promising vehicles for the delivery of PARP inhibitors to BRCAwt TNBC. Despite the resistance of BRCAwt TNBC to
olaparib, we can take advantage of NDDS as a new strategy to affect the sensitivity of olaparib to BRCAwt TNBC.

Herein, we designed a tumor microenvironment (TME) responsive progressively disassembled nanosystem (ONPDN)
that can synergistically deliver two DNA repair inhibitors via a two-step approach (Scheme 1). Olaparib and novobiocin
were co-loaded into polylactic-co-glycolic acid (PLGA) vesicles as the core of the nanosystem (ONP). Subsequently, an
ultrathin silica framework with disulfide bond bridges was constructed on the surface of PLGA. This chemically gated
ultrathin silica framework stored encapsulated molecules well until the disulfide bonds were reduced. The ultrathin silica
framework was selectively disassembled with GSH and acidic pH responses. ONPDN exerted the synergistic anticancer
effects of two DNA repair inhibitors and exhibited considerable anticancer effects in the BRCAwt TNBC xenograft nude
mice model. Additionally, the accumulation capacity and vasomodulatory effect of the nanosystem at the tumor site were
monitored by Magnetic Resonance Imaging (MRI). We analyzed the therapeutic effect of ONPDN and explored the
synergistic effect between olaparib and novobiocin. In summary, we revealed the great potential of the progressively
disassembled nanosystem to enhance the efficacy of olaparib in the treatment of BRCA wild-type TNBC.
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Scheme | A progressively disassembled DNA repair inhibitors nanosystem (ONPDN) accumulated within environments characterized by elevated glutathione concentra-

tions, effectively delivering drugs against BRCA wild-type TNBC.

Materials and Methods

Preparation of ONP

70 mg of poly (lactic-co-glycolic acid) (PLGA) (Aladdin, China), along with 20 mg of olaparib (Aladdin, China), and
20 mg of novobiocin (Aladdin, China) were completely dissolved in 10 mL of acetone. The above solution was slowly
added to 40 mL of ultrapure water containing 0.2 g of cetyltrimethylammonium bromide (CTAB) (Macklin, China) while
being gently shaken during the dropwise addition. A white emulsion was gradually formed as these solutions were mixed.
The resulting white emulsion was subjected to ultrasonication using an ultrasonic disruptor operating at 600
W (ultrasonic for 2 seconds, stopped for 1 second) for a total duration of 10 minutes, all while placed in an ice bath.
Subsequently, the mixture was left in a fume hood at room temperature for 24 hours to allow complete acetone
evaporation. Following this, the mixture was centrifuged at 8000 rpm for 15 minutes to collect the precipitate, which

was then washed 3 times with ultrapure water to collect ONP.

Preparation of ONPDN

The prepared ONP was dispersed into 60 mL ultrapure water under an ultrasonic bath. The above solution was added
with 4 mL of isopropanol and 1.5 mL of 25% ammonia water after stirring at 200 rpm for 2 hours. Then 0.2 mL
tetraethyl orthosilicate (TEOS) (Aladdin, China), 0.05 mL 3-Aminopropyltriethoxysilane (APTES) (Aladdin, China), and
0.05 mL bis(triethoxysilylpropyl) disulfide (TESPDS) (Aladdin, China) were added to the solution and stirred for 12
hours. The solution was subsequently centrifuged at 12,000 rpm for 10 minutes to gather the precipitate, and this
precipitate underwent three washes with ultrapure water to yield the final ONPDN. Furthermore, TESPDS was excluded
from the procedure for ONNP preparation. The protocols for generating OPDN and ONPDN share similarities, differing
primarily in the absence of novobiocin during the vesicle preparation stage. Notably, the preparation of OPDN does not
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involve the inclusion of olaparib in the vesicle generation process. PDN, on the other hand, is derived from vesicles
devoid of DNA repair inhibitors.

Characterization

Morphological analysis of ONPDN conducted using a transmission electron microscope (TEM) (JEM 2100F, JEOL,
Japan). The zeta potential of the nanoparticles was determined with a Zetasizer Nano-ZS (Malvern, UK). The TEM was
equipped with energy dispersive X-ray spectroscopy (EDS) for elemental analysis. The encapsulation efficiency and
loading capacity of olaparib and novobiocin were measured by ultraviolet-visible spectrophotometer (UV-vis) (UV-2700,
HIMADZU, Japan). The loading amount was calculated by drug content of nanosystem and the loading rate was
calculated by comparing it to the initial addition of free drug.

Drug Storage and TME Responsive Release of ONPDN

To assess the drug storage capacity of ONPDN, 500 mg of ONPDN was added to phosphate buffered saline (PBS) at
pH=7.4. The solution containing the nanoparticles was placed in a shake with 80 rpm and maintained at 37°C. At various
time points (0, 1, 2, 3, 5, and 7 days), 300 pL of supernatant was collected and replenished with the corresponding
volume of PBS. The supernatant was subjected to UV-vis absorbance at 256nm and 312nm. To evaluate the TME
responsive release of ONPDN, 500 mg of ONPDN was added to 0, 5, and 10 nM GSH solutions at pH=5.8. Then
solutions were placed in a shaker at 37 °C, 80 rpm. Each 300 pL of supernatant was collected after 0, 0.5, 1, 2, and 6
hours and the corresponding volume of GSH solution was added to the original solution. The supernatant was detected by
UV-vis absorbance at 256 nm and 312 nm.

Cells and Animals

These cells were cultivated in either Dulbecco’s Modified Eagle Medium (DMEM) or Roswell Park Memorial Institute
(RPMI) 1640 medium, both sourced from Gibco, USA. The culture media, DMEM and RPMI 1640, were supplemented
with 10% fetal bovine serum (FBS) (Gibco, USA) and 50 units/mL of streptomycin and 100 units/mL of penicillin. Cell
cultures were maintained in an incubator set at 37°C, with a controlled atmosphere of 5% CO2 and a relative humidity of
95%. Female BALB/c nude mice, aged 3—4 weeks, were obtained from Vital River Laboratories, China. Ethical approval
for all animal experiments was granted by the Ethics Committee of Jinan University, and the study adhered to the
“Guidelines for Ethical Review of Laboratory Animal Welfare” (GB/T 35892-2018) to ensure the well-being of all
animals involved in the research.

Cell Viability Assay

Cells were seeded in 96-well plates at a density of 2x10% cells per well and cultured for 24 hours. Subsequently, the
culture medium was replaced with a drug-containing medium in each well (100 puL per well). For the free drug group, the
ratio of olaparib and novobiocin (ON) was adjusted to match the ODPDN loading ratio, which was 2:1. After a 48-hour
incubation, 30 pL of MTT solution (5 mg/mL) was introduced to each well and allowed to incubate for 3 hours.
Following this, the upper-layer solution was aspirated from the 96-well plate, and 150 uL of dimethyl sulfoxide (DMSO)
was added to each well. The absorbance at 570 nm was determined using a multifunctional microplate reader.

Cellular Uptake Assay

MDA-MB-231 cells (2x10° cells/well) were seeded in a 2 cm confocal dish and cultured for 24 hours.
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) (Sigma—Aldrich, USA) was used to stain cell nuclei.
Then free coumarin 6 and ONPDN (labeled by coumarin 6) were added. The coumarin 6 concentration of the two groups
was 5 pg/mL. Pictures were taken by fluorescence microscopy (LSM 880, Zeiss, Germany) after 60 minutes.

Reactive Oxygen Species (ROS) Detection
MDA-MB-231 cells (2x10* cells/well) were cultured in 96-well plates for 24 hours. Afterward, the supernatant was
replaced with 100 pL of dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe (10 uM) (Sigma-Aldrich, USA). The
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cells were then incubated for 30 minutes at 37°C. Subsequently, different drug groups, including PBS (G1), PDN (G2),
olaparib and novobiocin (G3), NPDN (G4), OPDN (GS5), or ONPDN (G6), were added to the plate. The concentration of
olaparib in all groups was 20 pg/mL, while novobiocin was at 10 pg/mL. The change in fluorescence over a 2-hour
period was recorded using a microplate reader (Excitation (Ex) = 488nm, emission (Em) = 525nm). Additionally,
fluorescence images of the various groups were captured using confocal laser microscopy after 2 hours.

The Gamma-H2A Histone Family Member X (y-H2AX) Detection

MDA-MB-231 cells (1x10° cells/well) were cultured in confocal dishes for 24 hours. The supernatant was replaced with
a complete medium containing PBS (G1), PDN (G2), olaparib and novobiocin (G3), NPDN (G4), OPDN (GS5), or
ONPDN (G6), with the concentration of olaparib set at 20 ug/mL and novobiocin at 10 pg/mL. Following a 2-hour
incubation, the cells were washed with PBS, and then fixed and washed three times. A blocking reagent was added for 20
minutes. The cells were subsequently incubated with a y-H2AX antibody (Abcam, UK) for 1 hour, followed by the
addition of anti-rabbit 488 (Abcam, UK). Finally, images were observed and captured using a laser confocal fluorescence
microscope.

Cell Cloning Test

MDA-MB-231 cells (500 cells/well) were cultured in 6-well plates for 24 hours. Subsequently, the supernatant was
replaced with a complete medium containing PBS (G1), PDN (G2), olaparib and novobiocin (G3), NPDN (G4), OPDN
(GS), or ONPDN (G6), with the concentration of olaparib set at 20 pg/mL and novobiocin at 10 pg/mL. After 24 hours,
the supernatant was replaced with fresh medium every 3 days. Cells were stained with crystal violet after 14 days, and
pictures of the cell colonies were captured and the number of cell colonies was analyzed using ImageJ.

Dead-Live Cell Staining Assay

MDA-MB-231 cells (2x10° cells/well) were cultured in 6-well plates for 24 hours. Subsequently, the supernatant was
replaced with a complete medium containing PBS (G1), PDN (G2), olaparib and novobiocin (G3), NPDN (G4), OPDN
(GS5), or ONPDN (G6), with the concentration of olaparib set at 20 pg/mL and novobiocin at 10 pg/mL. After 24 hours, the
medium was removed, and the cells were washed three times with PBS. A staining solution containing 2 uM of Calcein-
AM and 4.5 uM of pyridinium iodide (PI) (Sigma-Aldrich, USA) was added to the plate, followed by incubation in the dark
for 15 minutes. Finally, a confocal laser microscope was used to observe the cells (Ex=490/535nm, Em=515/617nm).

Magnetic Resonance Imaging (MRI)

A clinical 3T MRI scanner (Discovery 750, GE Medical, USA) equipped with a wrist coil was used for routine and
functional serial scans, including R2* imaging, T2 weighted imaging (T2W1I), and intravoxel incoherent motion (IVIM) -
diffusion weighted imaging (DWI). Eight nude mice with a tumor volume of 150 mm® were used for R2* imaging. Prior
to scanning, the tail veins of the nude mice were injected with either free Fe;04 or ONPDN (labeled with Fe;0,4) at
a dosage of 10 mg Fe/kg. Abdominal anesthesia using 2% pentobarbital sodium solution (40 mg/kg) was administered to
the mice. R2* imaging of the tumor area was conducted at 2, 6, 12, 24, and 48 hours post-administration, with the
following scanning sequences: Time to echo (TE) = 3.4, 9.3, 15.2, 21.2, 27.1, 33, 38.9, 44.8, 50.7, 56.6, 62.5, 68.5, 72.4,
80.3, 86 ms. Repetition time (TR) = 3.4, 9.3, 86.2 ms, scanning field of view (FOV) = 7x6 cm?, layer thickness/distance
= 2.0/0.2, matrix size= 192x128, and number of excitations (NEX) = 2. R2* raw data were processed using the GE
adw4.5 post-processing workstation and the Functool software package for region of interest (ROI) analysis.

T2WI and IVIM-DWI scans were conducted at the conclusion of the nude mice treatment. The scanning sequences
and parameters were as follows: Fast spin echo (FSE) sequences were employed for T2WI, with TR = 4500 ms, TE = 60
ms, matrix = 96x128, slice thickness = 2.0 mm, slice distance = 0.2 mm, FOV = 7.0 cm x 5.0 cm, and NEX = 4. For
IVIM-DWI, a multiple b-value model was utilized, encompassing 13 b values: 0, 25, 50, 75, 100, 150, 200, 400, 600,
800, 1000, 1200, and 1500 s/mm?. The NEX corresponding to each b value was set at 1,2,2,3,3,3,4,4,4,6,6, 8, and
10, with diffusion gradients applied along the X, Y, and Z axes axially.
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Single-shot, echo-planar imaging pulse sequences were employed in conjunction with chemical shift-selective
saturated fat suppression techniques. TR/TE = 3000/101.7 ms, matrix = 128x96, layer thickness = 2.0 mm, layer spacing
= 0.2 mm and FOV=10 cm x 8.0 cm.

The relevant parameters of [IVIM-DWI, including the slow apparent diffusion coefficient (ADC), fast ADC, and the
fraction of fast ADC, were analyzed using the GE adw4.5 post-processing workstation. Pseudo-color images were
generated using the Functool package, with T2WI images and b-value = 0 images serving as reference images for ROI
measurements in [VIM-DWI. Measurements from all tumor section levels were averaged for analysis.

Evaluation of ONPDN Antitumor Efficacy in vivo

MDA-MB-231 cells in the logarithmic growth phase were harvested and prepared as a cell suspension at a concentration
of 3x107 cells/mL using PBS. Subsequently, nude mice were injected with 100 pL of the cell suspension beneath the
right fourth pair of mammary glands and were regularly monitored in a specific pathogen-free environment. When the
tumor volume of nude mice reached 50—100 mm®, a total of 48 nude mice were randomly divided into six groups. Out of
these, 24 nude mice were utilized for treatment observation, MRI evaluation, and were ultimately sacrificed at the end of
the treatment regimen. The remaining 24 nude mice were observed for survival analysis.

The different groups of nude mice received injections of 200 uL of various substances, including PBS (G1), PDN
(G2), olaparib and novobiocin (G3), NPDN (G4), OPDN (G5), or ONPDN (G6). These injections were administered
every 3 days (on days 0, 3, 6, 9, and 12). The concentration of olaparib was maintained at 20 mg/kg, and novobiocin was
administered at 10 mg/kg. Throughout the treatment period, the body weight and tumor volume of the nude mice were
measured and recorded every 3 days. Tumor volume (V) was calculated using the formula V = (L x W?)/2 (L = tumor
long diameter, W = tumor wide diameter). The cut-off point for survival curves was plotted when the tumor grew to
2000 mm® or the vital signs of nude mice were abnormal. On day 15 of the treatment cycle, the nude mice were sacrificed
after inhaling excessive CO,. Tissue samples from the tumors, heart, lung, liver, kidney, and spleen of nude mice were
extracted, fixed in 4% paraformaldehyde, and subsequently used for either H&E staining or immunofluorescence
staining.

Hematoxylin and Eosin Stain (H&E) Staining and Immunofluorescence Staining Analysis
The immunofluorescent staining protocol for tumor tissue involved several steps: Terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) staining was utilized to detect tumor cell apoptosis. Ki-67 immunofluorescent staining
was employed to assess tumor proliferation. PARP immunofluorescence staining was conducted to evaluate PARP
expression. Dihydroethidium (DHE) immunofluorescence staining was utilized to evaluate ROS expression. CD31
immunofluorescence staining was performed to assess microvessel density. v-H2AX immunofluorescent staining was
used to determine the extent of DNA damage accumulation.

Cleaved caspase-3 (clCasp3) immunofluorescence staining was employed to evaluate the expression of clCasp3
apoptotic protein. All reagents required for H&E staining and immunofluorescence staining of selected sections were
procured from Servicebio, China. Fluorescence microscopy was used to visualize histopathology, and images were
captured in areas with positive staining. Subsequently, the measurement and calculation of the positive expression area in
the immunofluorescence images were performed using Imagel.

Hematology Analysis

Sera were obtained from the orbital venous blood of the nude mice and subsequently utilized for blood analysis. The
parameters that were measured include albumin (ALB), urea nitrogen (BUN), creatine kinase (CK), lactate dehydrogen-
ase (LDH), creatinine (CREA), and aspartate aminotransferase (AST).

Statistical Analysis

Statistical analysis and graph generation were conducted using the statistical software packages SPSS 22.0 (USA) and
Prism 8.0 (GraphPad, USA). To determine the statistical significance between groups, Student’s z-test and one-way
analysis of variance (ANOVA) were employed. Kaplan-Meier survival analysis was utilized to assess the survival rate of
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the nude mice. All quantitative measurements were conducted in triplicate at minimum. Numerical results are presented
as mean =+ standard deviation (SD). Statistical significance was established at a P-value <0.05 (* indicating P<0.05, **
indicating P<0.01, and *** indicating P<0.001).

Results and Discussion
Synthesis and Characterization of ONPDN

In this study, we employed the nanoprecipitation method to prepare PLGA nanoparticles co-loaded with olaparib
and novobiocin, denoted as ONP (Figure 1A). Subsequently, we synthesized ONP encapsulated within an ultrathin
silica framework, forming ONPDN, where disulfide bond bridges were introduced onto the surface of ONP. The
morphology of ONPDN, as illustrated in Figure 1B, exhibited a characteristic core-shell structure when examined by
TEM. This observation confirmed the presence of the anticipated ultrathin outer silica framework. ImageJ results
revealed that the average thickness of the silicon dioxide coating on ONNP (without disulfide bonds) measured
approximately 8nm. This dimension was related to the initial particle size of ONP (182nm). Importantly, the
introduction of disulfide bonds did not significantly alter the particle size of ONPDN (191 nm) (Figure 1C).
Further characterization via Zetasizer indicated a change in the zeta potential of ONPDN, increasing from —24.92
mV (for ONP) to approximately —11.85 mV. This finding served as evidence of the successful modification of the
silica shell, now containing disulfide bonds (Figure 1D). Analysis of the TEM-EDS elemental spectrum confirmed
that silicon (Si), oxygen (O), and sulfur (S) elements within ONPDN were predominantly distributed on the ultrathin
silica framework. Additionally, the dispersed presence of carbon (C), nitrogen (N), and sodium (Na) elements
further confirmed the successful loading of olaparib and novobiocin into ONPDN (Figure 1E). The loading amounts
and rates of olaparib and novobiocin in ONPDN were quantitatively determined using UV-vis spectroscopy.
Olaparib was found to have a loading amount of 68 pg/mg, with a loading rate of 12.96%. Similarly, novobiocin
exhibited a loading amount of 34 pg/mg, with a loading rate of 6.48%. Moreover, it is worth noting that both ONP,
ONNP, and ONPDN exhibited colloidal stability in PBS and PBS supplemented with 10% FBS. This observation
suggests that the colloidal stability of silica was well-maintained even after the introduction of disulfide bridges

(Figure S1A and B).

Evaluation of Drug Storage and Release in ONPDN

Subsequently, we assessed the drug storage performance of ONPDN. As depicted in Figure 1F, the remaining drug
content within ONPDN exhibited minimal variation during the initial 2 days of testing. Even at the end of the 7-day
evaluation period, the residual drug content remained above 77.8%, underscoring the outstanding drug storage capabil-
ities conferred by the ultrathin SiO,-coated framework with PLGA as the core encapsulation material. Considering the
more acidic and reducing environment of tumor tissues than normal tissues, we proceeded to investigate release behavior
of ONPDN in solutions with different glutathione concentrations under acidic conditions. As illustrated in Figures 1G
and S2, ONPDN exhibited similar release rates for olaparib (86.7%) and novobiocin (86.4%) within 1 hour when
exposed to a 10 nM glutathione solution. Notably, at the same pH, even in a 5 nM glutathione solution, both olaparib
(65.3%) and novobiocin (65%) displayed rapid release efficiencies. To validate these release dynamics, TEM imaging
was conducted, revealing observable morphological alterations in ONPDN when subjected to acidic glutathione solu-
tions. These changes included the structural collapse of the silica shell, progressive degradation of the shell, and eventual
formation of flocs over time, as evidenced in Figure S3. Overall, our findings suggest that ONPDN maintains stability
within non-specific environments but swiftly self-disassembles in response to acidic and glutathione-rich conditions,
facilitating rapid drug release.

In vitro Antitumor Activity of ONPDN

Two BRCA-mutant TNBC cell lines (MDA-MB-436 and HCC1937), a BRCAwt ovarian cancer cell line (SKOV3), and
a BRCAwt TNBC cell line (MDA-MB-231) were tested for in vitro anticancer activity of ONPDN.*485% Both OPDN
(with no novobiocin added) and ONPDN demonstrated higher inhibitory effects on the proliferation of BRCAwt cancer
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cells (SKOV3 and MDA-MB-231), as depicted in Figure S4A. Notably, when compared to free olaparib and the free
combined drug group (ON), ONPDN exhibited a remarkable enhancement in antitumor activity against BRCAwt cancer
cells, with MDA-MB-231 showing the highest sensitivity among them.

To delve deeper into the toxic responses of different drugs on MDA-MB-231 cells, we conducted a 48-hour MTT
experiment (Figure S4B and C). The results revealed that each drug group displayed a dose-dependent tumor cell killing
ability. Significantly, ONPDN exhibited a pronounced anti-cancer effect on MDA-MB-231 cells when compared to the
free drug group (ON) (P < 0.001). Subsequently, we employed MDA-MB-231 cells, representative of BRCAwt TNBC, to
further investigate the anticancer mechanism of ONPDN.

We employed coumarin 6 to label ONPDN, resulting in green fluorescence, which demonstrated the uptake of
ONPDN by MDA-MB-231 cells (Figure S5). In earlier studies, it was reported that olaparib could elevate intracellular
ROS levels, and novobiocin derivatives exhibited similar effects.’’ > As illustrated in Figures 2A and S6A, ONPDN
(G6) demonstrated a significant capacity to upregulate intracellular ROS content in MDA-MB-231 cells when compared
to the free drug group (G3). Furthermore, continuous monitoring of ROS levels for each drug group over a 2-hour period
revealed that the ROS levels in the ONPDN group began to increase sharply within 20 minutes and reached their peak at
approximately 60 minutes (Figure S6B). One of the mechanisms of action for PARP inhibitors is their ability to hinder
the repair of DNA damage sites. To assess this effect, y-H2AX fluorescence staining experiments were conducted to
detect DNA damage.”*> As depicted in Figure 2B, ONPDN exhibited a notable accumulation of DSB within MDA-MB
-231 cells. The results stemming from ROS and y-H2AX assessments collectively suggest that ONPDN not only inhibits
DNA repair but also induces additional damage, leading to the accumulation of DNA lesions.

Furthermore, we conducted cell cloning experiments to evaluate the impact of these drugs on the proliferation of
MDA-MB-231 cells. As presented in Figure 2C and D, ONPDN proved to be more effective in suppressing the
proliferative capacity of MDA-MB-231 cells when compared to the control group (G1) or the free drug group (G3).
Additionally, we performed dual fluorescent staining with calcein-AM and PI on MDA-MB-231 cells from various
treatment groups after a 24-hour exposure period. It became evident that ONPDN exhibited a more potent cytotoxic
effect than the other groups (see Figure 2E and F). In summary, these data suggested that this enhanced effect can be
attributed to the delivery of DNA repair inhibitors through progressively disassembled nanosystem. The nanosystem
significantly elevate ROS levels within cancer cells, facilitating the accumulation of DNA damage, which ultimately
leads to the inhibition of cancer cell growth and the induction of apoptosis.

In vivo Antitumor Efficacy of ONPDN Evaluation

The utilization of Fe;O4 as a MR agent for tracking nanosystems has been established in previous studies, given its
capacity to modulate the magnetic signal during MRI.>*>° In this study, we incorporated Fe;0, into ONPDN to enable
the monitoring of intratumoral drug accumulation. Subsequently, we administered ONPDN (labeled with Fe;O,) or free
Fe;0,4 through intravenous injection into nude mice bearing orthotopic MDA-MB-231 xenografts. We monitored the
nude mice at various time intervals using MRI. As depicted in Figure 3A and B, the R2* signal of MRI in the tumor
region exhibited a rapid increase within 2 hours post-injection of ONPDN, reaching its peak at approximately 12 hours.
This observation strongly suggested that ONPDN effectively facilitated the accumulation of drugs within the tumor area,
potentially resulting in higher drug concentrations.

The in vivo anti-tumor efficacy of various drug groups was subsequently assessed in female BALB/c orthotopic
MDA-MB-231 tumor-bearing nude mice, as outlined in the experimental scheme presented in Figure 3C. The nude mice
were randomly divided into six groups: PBS (G1), PDN (G2), olaparib and novobiocin (G3), NPDN (G4), OPDN (GS5),
and ONPDN (G6). The interval between drug treatments was set at 3 days. Photographs (Figure 3D) and tumor volumes
(Figure 3F) vividly illustrated that the G6 exhibited the smallest tumors compared to the other groups at the conclusion of
the treatment period. Furthermore, both G5 and G6 effectively restrained tumor growth during the treatment period,
surpassing the G1, G2 and G3 (Figure 3E). These findings underscored the remarkable anti-tumor efficacy of ONPDN.
Additionally, survival analysis of nude mice within the different drug groups demonstrated that ONPDN yielded
a superior survival rate compared to the other groups (Figure 3G).
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To further evaluate the effects of ONPDN on BRCAwt TNBC, we conducted H&E, TUNEL, and Ki-67 staining
analyses on tumor samples from various groups. H&E staining, as shown in Figure 3H, revealed that tumor progression

was most effectively inhibited in the G6. TUNEL staining demonstrated that the apoptosis rate of tumor cells in G6 was
the highest (Figure 3I). Furthermore, Ki-67 staining analysis revealed that G6 displayed the lowest cell density within the
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tumor area (Figure 3J). These results collectively indicated that ONPDN possessed substantial tumor growth inhibitory
properties and promotes apoptosis in BRCAwt TNBC.

Immunofluorescence Staining

We subsequently conducted an analysis of immunofluorescence staining images following drug treatment in the different
groups. PARP fluorescence staining, as depicted in Figure 4A and B, revealed that both the G5 and G6 significantly
inhibited PARP, suggesting that the progressively disassembled of the system may lead to the accumulation of more
PARP inhibitors. DHE immunofluorescence was employed to assess ROS levels. Figure 4A and C indicated that ROS
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Figure 4 Immunofluorescence analyses of tumor tissues from nude mice treated with PBS (G1), PDN (G2), olaparib and novobiocin (G3), NPDN (G4), OPDN (GS5) or
ONPDN (G6). (A) Immunofluorescence staining images of tumor tissues from nude mice treated with PBS (GI), PDN (G2), olaparib and novobiocin (G3), NPDN (G4),
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signals in the tumor were quantified according to the data in Figure 4A. Data are expressed as mean * SD (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001.
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levels in G5 and G6 were markedly higher compared to the other groups, implying that the synergistic delivery of
olaparib and novobiocin beneficially elevates ROS levels. Notably, in addition to its role in DNA repair inhibition,
novobiocin also acts as a heat shock protein (HSP) inhibitor with potential angiostatic function.®®** CD31 immuno-
fluorescence images, shown in Figure 4A and D, demonstrated that the microvessel density in the G4 and G6 was
significantly lower than in the other groups. Furthermore, analysis of the y-H2AX immunofluorescence images from
different groups revealed that G6 exhibited superior DNA damage accumulation compared to the other groups
(Figure 4A and E). Additionally, we assessed the immunofluorescence staining images of cleaved caspase-3 (clCasp3)
in different groups to evaluate the antitumor effect of ONPDN, and clCasp3 levels in G6 were significantly higher than in
the other groups (Figure 4A and F). In summary, these results indicate that the synergistic delivery of olaparib and
novobiocin through the progressively disassembled system effectively inhibits DNA repair, reduces microvessel density,
upregulates ROS levels, and ultimately promotes DNA damage and apoptosis in BRCAwt TNBC.

MRI Evaluation of ONPDN

MRI serves as a valuable non-invasive tool for the initial assessment of the effectiveness of anti-tumor drug
treatments.®>°® Furthermore, IVIM-DWI enables the evaluation of cellular density and vascular perfusion within
tissues.®”®® We conducted MRI assessments on different groups of nude mice (n=4) treated with PBS (G1), PDN
(G2), olaparib and novobiocin (G3), NPDN (G4), OPDN (GS5), and ONPDN (G6) at the conclusion of the treatment
regimen (Figure 5A). The efficacy of ONPDN in inhibiting tumor growth was strikingly demonstrated by T2WI,
surpassing the effectiveness of the other treatment groups. We further conducted a detailed analysis of the slowADC,
fastADC, and the fraction of fastADC in the different groups. Remarkably, as shown in Figure SA and B, the slowADC
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Figure 5 MRI evaluation of nude mice treated with PBS (GI), PDN (G2), olaparib and novobiocin (G3), NPDN (G4), OPDN (G5) or ONPDN (Gé). (A) In vivo T2WI
imaging and pseudocolor images of slowADC, fastADC, and fraction of fastADC obtained in nude mice treated with PBS (G1), PDN (G2), olaparib and novobiocin (G3),
NPDN (G4), OPDN (G5) or ONPDN (Gé). Normalized ratios of (B) slowADC (C) fastADC (D) fraction of fastADC. Data are expressed as mean + SD (n = 4).**P < 0.01;
P < 0.001.
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in the G6 exhibited an increase compared to the other groups. Additionally, the fast ADC and the fraction of fast ADC
suggested that ONPDN had the potential to modulate vascular perfusion (Figure 5A, C, and D). Therefore, the MRI
evaluation results at the end of the treatment period underscored the excellent therapeutic efficacy of ONPDN in
BRCAwt TNBC as well.

Biosafety Evaluation of ONPDN

We conducted a preliminary biosafety assessment of ONPDN, which included monitoring the body weight changes of
different treatment groups throughout the treatment period. Furthermore, we performed H&E staining and conducted
a blood biochemical analysis at the conclusion of the treatment regimen. During the treatment period, the body weight of
nude mice in the various treatment groups exhibited a slight increase compared to their initial weight, with no significant
differences observed among the groups (Figure S7). As illustrated in Figure 6A, major organs including the heart, liver,
spleen, lungs, and kidneys from different treatment groups did not exhibit any noticeable signs of lethal damage.
Additionally, blood biochemical indicators remained relatively stable across all treatment groups, as depicted in
Figure 6B. In summary, these initial findings suggest that ONPDN does not display acute toxicity within the assessed
parameters.

Discussion

PARP inhibitors have undergone extensive investigation as a therapeutic avenue for BRCA-mutated TNBC. However,
their efficacy remains constrained when applied to BRCAwt TNBC. Furthermore, the therapeutic potential of PARP
inhibitors is hindered by phenomena such as increased drug efflux, PARP1 mutations, and the restoration of HR
proficiency or replication fork stability.®” Hence, it is imperative to explore and develop efficacious combination therapy
strategies that can surmount the barriers posed by DNA repair pathways, ultimately leading to a more efficient induction
of cell death in BRCAwt TNBC.

In this study, we have developed a TME-responsive nanosystem, ONPDN, as a delivery vehicle for DNA repair inhibitors
under MRI on breast cancer. Our initial observations reveal that ONPDN boasts a remarkably appropriate particle size,
measuring at a mere 191 nm. The presence of an ultra-thin silica framework on its surface prevents premature leakage of the
drug before it reaches the intended tumor site. Furthermore, ONPDN exhibits rapid drug release within the glutathione rich
TME, facilitated by the presence of disulfide bonds within the silica structure. Figure 1F and G illustrated the ONPDN’s drug
release kinetics. Under neutral, glutathione-free conditions, the drug release remains minimal, with less than 30% of the drug
being liberated over 7 days. In stark contrast, within the tumor-specific microenvironment, ONPDN demonstrates an
expedited drug release profile, surpassing 80% in 1 hour. Notably, a study conducted by Chowdhury et al demonstrated
that tannic acid nano-formulations released 95.52% of the drug within 6 hours.”® The rapid release of DNA repair enzyme
inhibitors in specific TME is of paramount importance and may facilitate the accumulation of DNA damage that ultimately
leads to cancer cell death.

In our investigation, ONPDN exhibited the remarkable ability to augment the cytotoxicity of DNA repair enzyme
inhibitors in both BRCAwt cancer cells. Intriguingly, a study by Lee et al conducted a comprehensive assessment of
DNA repair protein expression and repair capacity within four BRCA1/2 wild-type TNBC cell lines, thereby unveiling
notable variations in HR proficiency among these cellular models.®” Furthermore, the synergistic combination of
therapeutic agents proved highly effective in mitigating potential crosstalk between DNA repair pathways, thus
substantially enhancing the capacity to induce cell death. Figures 2A and B vividly illustrated ONPDN’s capacity to
induce DNA damage and impede repair mechanisms by elevating ROS levels. This effect culminated in the accumulation
of a greater number of unrepaired DNA damage sites when compared to the free drug group.

A previous study showed that the combined application of therapeutic agents leads to a significant reduction in breast
cancer cell viability.”! It’s worth noting that this combined treatment did not exhibit a significant increase in phosphory-
lated H2AX levels.

Presently, PARP inhibitors are no longer limited solely to the treatment of BRCA-deficient tumors; their scope has
expanded to encompass tumors bearing deletion mutations within genes associated with HR, such as phosphatase and
tensin homolog (PTEN).”? A study showed that AZD2461 exerted a more pronounced inhibitory effect on tumor cells
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Figure 6 Biosafety evaluation of ONPDN. (A) On day |5 after treatment, H&E staining of major organs such as the heart, liver, spleen, lung, and kidney from nude mice
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characterized by significantly diminished PTEN expression, as opposed to those with elevated PTEN levels.'? These
findings underscore the notion that HR deficiencies stemming from mutations in various genes render tumor cells
susceptible to DNA repair inhibitors. Furthermore, given the diverse spectrum of mutations found in various types of
solid tumors, the development of tailored therapeutic strategies targeting distinct gene-driven DNA repair pathways may
hold promise for the treatment of a wide array of solid tumor malignancies.

The TME assumes a pivotal role in the pathogenesis and advancement of various cancer types, rendering it
a promising target for cancer molecular imaging. Neovascularization within the TME represents a hallmark of tumor
progression and metastasis, underscoring its significance in cancer biology.”> One of the primary challenges in cancer
therapy pertains to the constrained perfusion of the tumor vascular network, resulting in diminished intra-tumoral pH
levels and escalated tissue fluid pressure within the TME. This phenomenon creates a significant barrier to effective drug
penetration. As delineated in Figure 3A and B, ONPDN exhibited the capability to track the accumulation of nanosys-
tems within the tumor site at distinct time intervals, facilitated by the magnetic attributes of Fe;O4. This phenomenon
reached its zenith at approximately 12 hours, surpassing the signal intensity observed in the free drug group and
maintaining superiority for up to 48 hours. Remarkably, magnetic nanoparticles hold potential as therapeutic agents
for cancer treatment, as evidenced by a study utilizing ternary metal alloy nanoparticles that demonstrated cytotoxicity
against breast cancer cells while sparing normal human cells.”*

Conclusion

In this study, we successfully synthesized ONPDN, which possesses the capability to progressively disassemble under acidic
and glutathione-rich conditions. This progressive disassembly of the nanosystem allows for enhanced drug accumulation and
rapid release. ONPDN effectively synergizes the delivery of olaparib and novobiocin into BRCAwt TNBC, leading to
significant growth inhibition in orthotopic tumor-bearing nude mice. Furthermore, our results reveal that olaparib, when
incorporated into the progressively disassembling system, effectively restrains the growth of BRCAwt TNBC, suggesting
a potential sensitizing effect of novobiocin on olaparib. Given that PARP inhibitors are no longer restricted solely to BRCA-
deficient tumors, the concept of combining different DNA repair inhibitors may also have relevance for other HR-deficient
tumors. In conclusion, ONPDN represents a promising therapeutic approach utilizing DNA repair enzyme inhibitors for the
enhanced treatment of BRCAwt TNBC with intact HR repair mechanisms.
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