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ABSTRACT: Poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors are used in ovarian cancer
treatment and have greatly improved the survival rates for homologous recombination repair (HRR)-deficient
patients. However, their therapeutic efficacy is limited in HRR-proficient ovarian cancer. Thus, sensitizing HRR-
proficient ovarian cancer cells to PARP inhibitors is important in clinical practice. Here, a nanodrug, olaparib-Ga,
was designed using self-assembly of the PARP inhibitor olaparib into bovine serum albumin through gallic acid
gallium(III) coordination via a convenient and green synthetic method. Compared with olaparib, olaparib-Ga
featured an ultrasmall size of 7 nm and led to increased suppression of cell viability, induction of DNA damage, and
enhanced cell apoptosis in the SKOV3 and OVCAR3 HRR-proficient ovarian cancer cells in vitro. Further
experiments indicated that the olaparib-Ga nanodrug could suppress RRM2 expression, activate the Fe’*/ROS/
MAPK pathway and HMOXI1 signaling, inhibit the PI3K/AKT signaling pathway, and enhance the expression of
cleaved-caspase 3 and BAX protein. This, in turn, led to increased cell apoptosis in HRR-proficient ovarian cancer
cells. Moreover, olaparib-Ga effectively restrained SKOV3 and OVCAR3 tumor growth and exhibited negligible
toxicity in vivo. In conclusion, we propose that olaparib-Ga can act as a promising nanodrug for the treatment of
HRR-proficient ovarian cancer.

KEYWORDS: HRR-proficient ovarian cancer, PARP inhibitor, self-assembled olaparib-Ga nanodrug,
restrain the tumor growth, negligible toxicity
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Figure 1. Synthesis and characterization of the olaparib-Ga nanodrug. (A) Workflow of the synthesis of olaparib-Ga. (B and C)
Representative TEM micrographs. Scale bar, 20 nm. (D) Representative EDX pattern images of olaparib-Ga. (E) Dynamic light scattering
data of olaparib-Ga in aqueous solution. (F and G) XPS spectrum of olaparib-Ga and spectra of Ga 3d orbitals of olaparib-Ga for the binding
energies together with the fitting curves. (H and I) FT-IR and vis—UV spectra of olaparib-Ga. (J) Thermogravimetric (TG) analysis of

olaparib-Ga under an air atmosphere.

approval of pharmacological poly(adenosine diphosphate-
ribose)-ribose polymerase (PARP) inhibitors for clinical use
has greatly improved the treatment outcomes for ovarian
cancer patients with homologous recombination repair (HRR)
deficiency.*”® However, the mutation rate of BRCA1/2 genes
in ovarian cancer is relatively low and PARP inhibitors have
limited therapeutic efficacy in HRR-proficient cases, which
account for half of all ovarian cancer cases.”

DNA repair mechanisms are divided into two types, single-
strand repair and double-strand repair, and the main enzymes
responsible for these two kinds of repair processes are PARP
and BRCA, respectively.”” When BRCA mutations occur in
HRR-deficient ovarian cancer, double-strand repair is
insufficient.*'” Therefore, when a PARP inhibitor is used to

block the single-strand repair pathway,”'' the genetic errors
that occur during cell proliferation cannot be repaired.'” These
cumulative genetic errors result in heavy disruption of DNA
functionality, thereby causing tumor cell death. Thus, PARP
inhibitors can rapidly induce synthetic lethality, particularly in
cells with HRR deficiency. Many clinical trials have
demonstrated improved survival rates in ovarian cancer
following PARP inhibitor maintenance therapy.13 Thus, the
National Comprehensive Cancer Network (NCCN) Guideline
recommended PARP inhibitors as maintenance therapeutic
agents for newly diagnosed and platinum-sensitive recurrent
ovarian cancer. However, the use of PARP inhibitors for HRR-
proficient ovarian cancer is not as effective as in HRR-deficient
types.”” Indeed, the mutation rate of BRCA genes in ovarian
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cancer is relatively low, and HRR-proficient ovarian cancer has
inherent resistance to DNA damage and apoptosis, which
limits the clinical benefit of PARP inhibitors. Therefore, the
development of sensitization approaches for PARP inhibitor
treatment or alternative combination strategies that can
increase sensitivity to PARP inhibitors in HRR-proficient
ovarian cancer is urgently needed.

Recently, gallium nitrate, which is approved by the U.S.
Food and Drug Agency, has emerged as an alternative
anticancer drug, due to its benefits as a combination agent
for antitumor therapies.'”"> Previous studies have demon-
strated that tumor cells have a higher requirement for iron
compared with normal cells, which may be attributed to their
fast proliferation and to their survival being dependent on the
ferric cation. Owing to the very similar chemical properties of
iron and gallium, the bioloégical systems cannot distinguish
gallium(11I) from iron(III).'® However, these two cations also
differ in their ability to mediate the redox reactions under
physiological conditions.'” Iron can easily be converted to
oxidized states, which is required for the enzymatic activity of
ribonucleotide reductase.'® The main function of this enzyme
is the conversion of ribonucleotides into deoxyribonucleotides
(the key building blocks of DNA synthesis).'” By contrast,
gallium is redox-inactive and can compete with iron when
taken up by cells, which disturbs iron homeostasis. In cancer
cells, gallium can be utilized to target iron sites, leading to
upregulation or hyperactivation of ribonucleotide reductase,
thereby inhibiting the DNA synthesis and causing tumor cell
death.””*" Therefore, it is important to determine whether
disturbing DNA synthesis with gallium(III) can enhance PARP
inhibition-mediated tumor suppression, especially in HRR-
proficient ovarian cancer patients. Nevertheless, the gallium-
(III) ionic form may be present in the form of gallium
hydroxide salt under physiological conditions, which possesses
poor solubility and bioavailability. Moreover, in humans, direct
exposure to free gallium(III) ions can induce adverse effects
such as nephrotoxicity and renal acidosis.”***> Therefore,
developing a drug formulation that can co-deliver gallium(III)
and PARP inhibitors simultaneously may improve the
treatment outcomes of HRR-proficient ovarian cancer.

Here, a straightforward BSA-assisted biomineralization
method was used for the preparation of a biocompatible “all-
in-one” olaparib-Ga nanodrug (Figure 1A). First, a BSA-Ga®*
complex was prepared. The BSA molecule contains several N-
terminal amine groups and cysteine residues, which can
coordinate with gallium metal ions (Ga*").**** Second, gallic
acid (GA) was mixed with the BSA-Ga®* complex to synthesize
a BSA-stabilized GA-Ga** by chelating the phenolic groups and
the carboxylic groups in the GA molecule with Ga*'. During
this process, GA served as a ligand to react with Ga** to form a
stable metal—organic coordination nanoformulation. It has also
been reported that GA could exhibit certain antitumor
activities.”**’ Finally, olaparib, a universal PARP inhibitor,
was incorporated into the BSA-Ga’" complex via the
hydrophobic effect to form the olaparib-Ga nanodrug through
self-assembly.”* ™' The anticancer effects of the olaparib-Ga
nanodrug were examined in SKOV3 and OVCAR3 human
HRR-proficient ovarian cancer cells. Subsequently, the effects
of olaparib-Ga on suppression of RRM2 expression, activation
of Fe®*/reactive oxygen species (ROS)/MAPK and HMOX1
signaling, inhibition of the PI3K/AKT signaling pathway, and
cleaved-caspase 3 and BAX protein upregulation were
evaluated in order to compare the tumor-suppressive role of

olaparib-Ga with pure olaparib. Moreover, in vivo experiments
were carried out to demonstrate the antitumor effects and the
biocompatibility of the nanodrug. Our findings uncover the
application of the newly developed olaparib-Ga nanodrug in
the treatment of HRR-proficient ovarian cancer.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Olaparib-Ga
Self-Assembled Nanodrug. The olaparib-Ga self-assembled
nanodrug was synthesized usin% a simple method based on a
previous study (Figure 1A).”” Specifically, bovine serum
albumin (BSA) was first added as the surfactant to form the
BSA-Ga** complex. Subsequently, GA was mixed with the
BSA-Ga** complex. The phenolic groups and carboxylic groups
in GA molecules were able to react with Ga®* to form a stable
GA-Ga’* by the formation of phenolate carboxylate group-
Ga*" coordination bonds. Then, the BSA protein can be used
for connecting with hydrophobic drugs (olaparib). Moreover,
the BSA protein can serve as a stabilizer to form the nanodrug.
Ultimately, the olaparib-Ga self-assembled nanodrug was
formed by adding the olaparib molecules in dimethyl sulfoxide
solution to the above complex solution. The morphology and
size of the olaparib-Ga nanodrug was determined by
transmission electron microscopy (TEM) and dynamic light
scattering (DLS), respectively. As shown in Figure 1B and C,
the olaparib-Ga self-assembled nanodrug consisted of spherical
monodispersed nanoparticles with an average size of ~7 nm.
Furthermore, the energy-dispersive X-ray spectroscopy (EDS)
elemental spectrum demonstrated the presence of the C, O, S,
and Ga elements (Figure 1D). From the elemental mapping
pattern of the olaparib-Ga nanodrug, N element was detected,
which belonged to the BSA protein. F element was attributed
to the olaparib molecule (Figure S1A and B). In addition, the
hydrodynamic diameter of the olaparib-Ga nanodrug was ~13
nm, and the slightly increased hydrodynamic size compared
with the TEM size may be due to the certain aggregation in
aqueous solution (Figure 1E). Moreover, X-ray photoelectron
spectroscopy (XPS) measurements were used to analyze
element composition and validate the valence of the Ga
elements (Figure 1F and G). The characteristic peaks of O 1s,
N 1s, C 1s, and Ga 3d were observed. The two binding energy
peaks at ~19.91 and ~19.25 €V may belong to the Ga®* and
Ga’ types, respectively (Figure 1G).”® The vis—UV spectra of
the olaparib molecule showed a distinct peak at ~207 nm,
which is similar to that of the olaparib-Ga nanodrug (Figure
1H). The FT-IR spectra of different groups are shown in
Figure 1I. The characteristic peaks of the olaparib molecule
around the 1285 and 1015 cm™" regions may be attributed to
the C—0O, C—N, and C—F stretching vibration absorptions.
The absorption bands around 805 cm™' may belong to the
C=C stretching vibration absorption in the benzene ring
structure of the olaparib molecule. The prominent peaks at
1650 cm cm™' (amide I and mainly C=O stretching
vibrations) and a broad absorption region around 3500 cm
cm™ (O—H stretch) were observed in olaparib-Ga.”**
Moreover, the characteristic region of BSA-amide band
vibrations around the 1650 and 1540 cm™" regions indicated
the BSA protein was within the olaparib-Ga nanodrug matrix.*>
The concentrations of Ga®" in the olaparib-Ga nanodrug was
calculated by inductively coupled plasma mass spectroscopy
(ICP-MS), and the concentration of Ga*" was ~250 pug/mL.
The loading efficiency of gallic acid and olaparib in the
nanodrug was quantified and calculated by the UV—vis
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Figure 2. Olaparib-Ga nanodrug inhibits the growth of HRR-proficient SKOV3 and OVCAR3 ovarian cancer cells. (A) Dose—response
curves of the cell viability of SKOV3 and OVCARS3 cancer cells following treatment with different concentrations of olaparib-Ga or olaparib
obtained using CCK-8 assays at 48 h. The data are presented as mean + SD. ICy, was calculated by Graph Pad Prism 9.0. The calculation of
the IC, of the olaparib-Ga nanodrug was based on the concentration of olaparib. (B) SKOV3 and OVCAR cells were treated with olaparib
or olaparib-Ga using the IC, of the olaparib-Ga nanodrug, and cell viability was measured using time-lapse imaging for 72 h in the
continued presence of the drugs in a CCK-8 assay. (C) SKOV3 and OVCAR3 cells were treated with olaparib or olaparib-Ga for 10 days, and
colony formation assays were analyzed. Representative images and quantization of the number of colonies are shown. *, P < 0.05; **, P <

0.01; *** P < 0.001.

spectroscopy method (Figure S1C and D). The loading
efficiency of olaparib was 12.4 + 2.26%, and that of gallic acid
was 61.2 + 1.53%. Subsequently, we investigated the release
kinetics of olaparib, the gallic acid molecule, and Ga** when
immersing the nanodrug in different pH conditions (Figure
S2). As shown in Figure S2A, as the pH value decreases from
7.4 to 5.8, the olaparib drug released faster and exhibited a pH-
responsive release behavior. The gallic acid molecule and Ga**
also demonstrated similar release kinetic characteristics (Figure
S2B and C). Finally, the thermogravimetric analysis (TG) of
olaparib-Ga further confirmed the successful conjugation of the
inorganic Ga®* component with the polymer compound
(Figure 1J). With increasing the temperature to around 120
°C, a ~12.95% weight loss was detected, which was due to the
evaporation of adsorbed water. The ~45.96% weight loss
during the second attenuation region between ~120 and ~410
°C was mainly due to the decomposition of small molecules in
the nanodrug. The ~35.79% weight loss during the temper-
ature increase from the ~410 °C to ~800 °C was mainly a
result of the decomposition of macromolecular proteins.
Collectively, these results demonstrated the successful
preparation of the olaparib-Ga nanodrug.
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Biodistribution of Olaparib-Ga in Vivo. The biodis-
tribution of olaparib-Ga was evaluated using an HRR-
proficient ovarian cancer SKOV3-derived tumor xenograft
model (Figure S3A). The luciferase-expressing SKOV3
(SKOV3-luc) cells were intraperitoneally injected into the
mice (n = 6). Seven days after transplantation, the
bioluminescence intensity was determined (Figure S3B). The
mice were then randomized into two groups (n = 3 each
group). The SKOV3 tumor-bearing mice were intravenously
injected with free IR780 or IR780/olaparib-Ga. The
fluorescence signal images were captured using an in vivo
imaging system (IVIS) before injection (set as O h) and at
different time points after injection, including 0.5, 1, 2, 6, and
24 h postinjection (Figure S3C). We sacrificed one mouse
from each group to detach tumors and major organs including
the heart, liver, spleen, lung, kidney, and brain for fluorescence
signal evaluation at 6 h postinjection. The tissue distribution of
IR780/0laparib-Ga showed a higher signal accumulation in
tumors than the free IR780 counterpart. The IR780/olaparib-
Ga also had a higher retention in tumor tissues than in major
organs (Figure S3D). The remaining four mice were evaluated
at 24 h postinjection. We found that the fluorescence signal of
pure IR780 was almost undetectable at this time point. This
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Figure 3. Olaparib-Ga nanodrug disturbs DNA synthesis, induces damage, and promotes apoptosis in SKOV3 and OVCARS3 cells. (A) RT-
qPCR analysis of RRM2 mRNA expression after treatment with olaparib or olaparib-Ga for 48 h. (B) Relative expression of RRM2 protein in
SKOV3 and OVCARS3 cells treated with olaparib or olaparib-Ga examined by Western blotting. The protein levels of RRM2 were
semiquantified. (C) SKOV3 and OVCAR3 cells after treatment with olaparib or olaparib-Ga for 48 h. Co-IF for yH2AX and DAPI in the
nucleus was performed. Scale bar, 5 gm. The yH2AX levels were quantified in each group. (D) yH2AX protein levels examined using
Western blotting analysis. f-Actin was used as a control. The yH2AX levels were quantified in each group. (E) SKOV3 and OVCAR3 cells
after treatment with olaparib or olaparib-Ga for 48 h. Apoptosis was analyzed by flow cytometry using annexin V and PI staining. (F)
Expression of the pro-apoptotic proteins BAX and cleaved-caspase 3 (clCasp 3) in SKOV3 and OVCARS cells after treatment with olaparib
or olaparib-Ga. ¥, P < 0.05; **, P < 0.01; ***¥ P < 0.001; NS, not significant.

may indicate that the free IR780 has already been eliminated.
In the IR780/olaparib-Ga group, the fluorescence signal was
also much weaker than that at 6 h postinjection, but it was
mainly distributed in the xenograft tumors (Figure S3C and
E).

Antitumor Performance of the Olaparib-Ga Nano-
drug in Vitro. To test the anticancer activity of olaparib-Ga
against HRR-proficient ovarian cancer, the HRR-proficient
SKOV3 and OVCARS3 ovarian cancer cell lines were used.*
Both cell lines exhibited similar dose-dependent tumor cell
killing abilities following treatment with different concen-

12790

trations of olaparib or olaparib-Ga for 48 h, as shown in Figure
2A. Interestingly, the half-maximal inhibitory concentration
(ICsy) of olaparib-Ga was much lower than that of olaparib in
both cell lines at 48 h. Moreover, olaparib-Ga also exhibited
markedly more potent antitumor cell activity against the two
cell lines in a time-dependent manner (Figure 2B). Moreover,
colony formation assays were conducted to evaluate the effect
of the drugs on cancer cell proliferation. As shown in Figure
2C, olaparib-Ga treatment was more potent in inhibiting
colony formation ability compared with the control or olaparib
group. The improved effects of the olaparib-Ga nanodrug may
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Figure 4. RNA-seq analysis of OVCAR3 cells treated with olaparib or the olaparib-Ga nanodrug. OVCARS3 cells were treated with olaparib or
olaparib-Ga for 48 h for RNA-seq analysis. (A) Venn diagram showing the differentially expressed genes that were shared between the
olaparib vs control group and the olaparib-Ga vs control group. (B) Heatmap showing the 148 overlapping, differentially expressed genes in
the control, olaparib, and olaparib-Ga-treated groups. (C) RT-qPCR validation of the 17 genes selected from those 148 genes in SKOV3 and
OVCARS3 cells treated with olaparib or olaparib-Ga for 48 h. (D) SKOV3 and OVCARS3 cells were treated with olaparib or olaparib-Ga, and
the protein expression of HMOXI1 protein was evaluated using Western blotting. The data are shown as mean + SD of three independent
experiments and are normalized to the control group. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant.

be due to the presence of gallium(III), which may have a
synergistic effect with olaparib, thus increasing the sensitivity
of HRR-proficient ovarian cancer cells to this drug.

Iron is essential for the fast proliferation and survival of
cancer cells, as it is required for the activity of the R2 subunit
of ribonucleotide reductase, which is responsible for
deoxyribonucleotide synthesis, a rate-limiting step in DNA
synthesis.”” Gallium can be used to disrupt cancer cell iron
metabolism. Thus, the iron-dependent R2 subunit of
ribonucleotide reductase may be inhibited by gallium(III).**
Here, the levels of ribonucleotide reductase regulatory subunit
M2 (RRM2) were examined using RT-gPCR and Western
blotting in SKOV3 and OVCAR3 cells following olaparib-Ga
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treatment. As shown in Figures 3A and B, the RRM2 mRNA
levels were downregulated after olaparib-Ga treatment
compared with olaparib-treated or control cells. Consistent
with the mRNA results, the RRM2 protein expression levels
also significantly decreased after olaparib-Ga nanodrug treat-
ment. Therefore, the olaparib-Ga nanodrug may restrain DNA
synthesis via RRM2, which is possibly mediated by gallium-
(I11).

PARP inhibitors inhibit DNA repair and induce DNA
damage in HRR-deficient ovarian cells.”*® However, HRR-
proficient ovarian cancer cells exhibit inherent resistance to
DNA damage and apoptosis, limiting the clinical benefit of
PARP inhibitors.” Here, the DNA damage inhibition by the
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Figure 5. Olaparib-Ga nanodrug enhances Fe**/ROS in SKOV3 and OVCARS3 cells. (A) SKOV3 and OVCARS3 cells after treatment with
olaparib or olaparib-Ga nanodrug for 3 h. Intracellular iron was labeled using the fluorescent probe PGSK. Fe** was detected using
FerroOrange. Representative confocal laser scanning microscopy (CLSM) images of PGSK and FerroOrange staining in SKOV3 and
OVCARS3 cells. Scale bars, 5 ym. Quantification of the fluorescence intensity of PGSK and FerroOrange is shown on the right. (B)
Intracellular ROS generation determined in SKOV3 and OVCARS3 cells after treatment with olaparib or olaparib-Ga for 3 h. Representative
CLSM images of ROS staining with the green fluorescence signal confirming intracellular ROS generation. Scale bars, 5 ym. Quantification
of the fluorescence intensity is shown on the right. *, P < 0.05; **, P < 0.01; **%, P < 0.001; NS, not significant.

olaparib-Ga nanodrug was examined in HRR-proficient
SKOV3 and OVCARS3 cancer cells. After 48 h of incubation
with olaparib-Ga, the levels of yH2AX (Serl39), a surrogate
marker for DNA damage, were evaluated. As shown in Figure
3C, the fluorescence intensity of yH2AX significantly increased
following olaparib-Ga treatment in both cell lines, and
increased levels of yH2AX protein expression were also
observed by Western blotting (Figure 3D). These results
indicated increased DNA damage in the olaparib-Ga treatment
group, which may be attributed to disruption of RRM2 by
gallium(III). Subsequently, apoptosis assays were conducted.
As shown in Figures 3E and S4A, olaparib only slightly induced
apoptosis in SKOV3 and OVCAR3 cells, whereas olaparib-Ga
significantly induced apoptosis in these HRR-proficient cells,
with an approximately S-fold increase compared with olaparib
treatment in both cell lines. Furthermore, the expression of the
apoptosis-related proteins, BAX and cleaved-caspase 3, was
examined using Western blotting (Figures 3F and S4B). Both
the olaparib-Ga and the olaparib treatment groups upregulated
the expression levels of BAX and cleaved-caspase 3 protein
compared with the control group. However, the protein levels
of BAX and cleaved-caspase 3 were significantly higher in

olaparib-Ga-treated cells compared with those treated with
olaparib. Therefore, gallium(III) has a synergistic effect on
DNA damage with olaparib and thus promotes the apoptosis
of HRR-proficient ovarian cancer cells.

Mechanical Roles of the Synergistic Antitumor
Effects of Olaparib-Ga. To understand the detailed
mechanisms underlying the observed antitumor effects of the
olaparib-Ga nanodrug, we conducted a RNA-seq analysis of
OVCARS3 cells treated with olaparib, olaparib-Ga, or control
reagents. A total of 500 differentially expressed genes were
identified for olaparib-treated cells and 2650 for olaparib-Ga-
treated cells relative to control cells. Among these, 148 genes
were differentially expressed in both data sets, with 87 being
upregulated and 61 being downregulated in both groups
(Figure 4A and B, Table S1). Moreover, Path-Act-Network
analysis was performed to identify the pathways enriched in
both the olaparib and olaparib-Ga groups relative to the
control group. The results indicated that the “MAPK signaling
pathway”, “NF-kappa B signaling pathway”, “HIF-1 signaling
pathway”, “FOXO signaling pathway”, and “VEGF signaling
pathway” were enriched (Figure SS). To verify the differ-
entially expressed genes identified by RNA-seq, 17 genes from
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Figure 6. RNA-seq analysis of the differential changes between olaparib-Ga- and olaparib-treated HRR-proficient ovarian cancer cells. (A)
Heatmap showing 3109 differentially expressed genes in OVCAR3 cells following treatment with olaparib-Ga or olaparib. (B) Top six most
significant KEGG pathways between olaparib-Ga- and olaparib-treated groups. Red, activated; green, inhibited. (C) RT-qPCR validation of
the 29 genes in SKOV3 and OVCAR3 cells treated with olaparib or olaparib-Ga for 48 h. (D) RT-qPCR validation of the 10 top genes of the
MAPK pathway in SKOV3 and OVCAR3 cells treated with olaparib or olaparib-Ga. *, P < 0.05; **, P < 0.01; *** P < 0.001; NS, not

significant.

the 148 genes in SKOV3 and OVCAR3 cells were examined
using RT-qPCR (Figure 4C). The 17 genes were chosen on
the basis of the top network analysis and the function of these
genes, as well as their altered gene expression levels. Although
these genes demonstrated a similar expression pattern to that
seen in RNA-seq in response to olaparib or olaparib-Ga in both
SKOV3 and OVCAR3 cell lines, these results were not
statistically significant. Nevertheless, the increased expression
of HMOXI1 and the decreased expression of GJC2 and
OLFML2A were statistically significant in olaparib- and
olaparib-Ga-treated SKOV3 and OVCAR3 groups over the
control group (Figure 4C). Notably, these changes in gene
expression in olaparib-Ga-treated cells were higher than those
seen in olaparib-treated cells relative to the control group.
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We further confirmed the expression of the HMOXI1 protein
by Western blotting in SKOV3 and OVCAR3 cells (Figure
4D). Although the expression of HMOXI protein was only
slightly increased in response to olaparib treatment, it was
markedly increased in olaparib-Ga-treated cells, compared with
olaparib-treated and control cells. A previous study has
suggested that the upregulation of HMOXI1 may be ascribed
to increased levels of ROS."" Thus, enhanced expression of
HMOX1 following treatment with olaparib-Ga may be
achieved through the MAPK pathway in response to
ROS.** Therefore, we examined the intracellular iron and
ROS levels. The green fluorescence of PGSK was reduced and
the levels of the Fe*" indicator of FerroOrange were markedly
enhanced after olaparib-Ga nanodrug treatment in both
SKOV3 and OVCAR3 cell lines (Figure SA), indicating

https://doi.org/10.1021/acsnano.2c04956
ACS Nano 2022, 16, 12786—12800


https://pubs.acs.org/doi/10.1021/acsnano.2c04956?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04956?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04956?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04956?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c04956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

Www.acsnano.org

A Intraperitoneal
administration
SKOV3-luc cells

. e

Control, Olaparib, Olaparib-Ga or
Ga-GA@BSA control
(200upl/day/mice; x5 days)

.. Tailvein
IVIS monitoring
1 Seven days 1
Day 0

-~ PR
- e
— AR
- Q)

C
Control ‘ , & ® e
Olaparb &= . 48 & &
Olaparib-Ga - - “ ¥ 5

Ga-GA@BSA @ o

Intravenous administration IHC

Tumor

8 ¢ Heart

g @ Liver
9 e Spleen

IVIS monitoring every week 'H Lung
1 I I @ Kidney
Day8 Day15 Day?22
Day 22

felAbIELLE
DAY
A48
GRS

D i
Control &
u
Olaparib @ .
- L x
- -
Olaparib-Ga 118
2 -
A -
- )|

Figure 7. Antitumor effects of the olaparib-Ga nanodrug against SKOV3-derived xenograft tumors. (A) Experimental schematic of olaparib-
Ga inhibition of tumor growth in a SKOV3-luc-derived xenograft model. Mice bearing luciferase SKOV3-derived tumors were treated with
olaparib, olaparib-Ga, or Ga-GA@BSA control (200 uL/mouse, QD X S days; n = S mice per group). Tumor growth was monitored weekly
using bioluminescence imaging in the mice. (B) Representative bioluminescence images of mice bearing SKOV3-derived tumors at day 0
and day 22. (C) Representative images of SKOV3-luc-derived xenograft tumors. (D) Representative images of the SKOV3-luc-derived

xenograft tumors in mice.

increased ferroptosis, which may be caused by endoplasmic
reticulum stress.”' Next, we sought to determine whether rising
Fe’" content would also regulate the accumulation of ROS. As
demonstrated in Figure 5B, treatment with the olaparib-Ga
nanodrug significantly increased ROS levels compared with the
olaparib and control groups, in both SKOV3 and OVCAR3
cells. These findings suggest that the increased HMOX1 gene
expression in olaparib-Ga-treated cells could be due to the
increased Fe**-induced ROS response.

In addition, we further investigated whether other biological
mechanisms were involved in the improved performance of the
olaparib-Ga nanodrug versus olaparib. We analyzed the
differentially expressed genes from the RNA-seq results. We
identified 3109 altered genes in the olaparib-Ga-treated group
relative to the olaparib-treated group (Figure 6A). KEGG
pathway analysis showed that the “MAPK signaling pathway”,
“glycerolipid metabolism”, and “p53 signaling pathway” were
significantly activated, while the “PI3K-AKT signaling path-
way”, “INF signaling pathway”, and “ECM-—receptor inter-
action” were significantly inhibited in response to olaparib-Ga
treatment as compared with olaparib treatment (Figure 6B).
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We further selected the 14 top upregulated and 15 most
downregulated genes from the RNA-seq data for validation.
RT-qPCR results revealed that HMOX1, FOS, TUSC3, CLU,
GCLM, ZSCAN31, MLLT11, and PPP1R1SA were signifi-
cantly upregulated and that GPRCS5A, SERPINAS, SEMA3C,
PODXL, PLD], IL6, ID1, ITGA2, PDE4B, ANGPT2, PTGS2,
and DKK1 were significantly downregulated in the olaparib-
Ga-treated group compared with the olaparib-treated group
(Figure 6C). It has been reported that the MAPK pathway
mediates ROS-induced HMOX1 expression.42 Thus, we
validated the top 10 differentially expressed genes from the
MAPK pathway. As shown in Figure 6D, SKOV3 and
OVCAR3 cells treated with olaparib-Ga upregulated the
expression of MAPK pathway-associated genes, including
CACNAL1B, DDIT3, FLNC, FOSB, GADD45A, GADD45G,
HSPA6, PTPN7, PTPRR, and RASGRF1, compared with
olaparib-treated cancer cells. These results are in agreement
with the RNA-seq data and with the findings of previous
studies."*** In addition to the activation of the Fe?*/ROS/
MAPK pathway and HMOXI1 signaling, we further evaluated
whether the inhibition of the PI3K/AKT pathway identified in
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Figure 8. Preliminary toxicity analysis of olaparib-Ga in mice bearing SKOV3-derived xenograft tumors. (A and B) Immunohistochemistry
for Ki-67 and clCasp 3 in SKOV3-derived xenograft tumors with olaparib, olaparib-Ga, or Ga-GA@BSA treatment. Relative protein
expression is shown as the mean + SD for each treatment group and normalized to the control group. (C) Representative photographs of the
heart, liver, spleen, lung, and kidney harvested from mice in different treatment groups following treatment. (D) Representative H&E
staining images of these major organs. (E and F) Blood routine and blood biochemistry tests were carried out in the mice. Data are
presented as mean + SD. ¥, P < 0.05; **, P < 0.01; **¥ P < 0.001; NS, not significant.

the RNA-seq data could also account for the suppressive roles
of olaparib-Ga nanodrug treatment. The results suggested that
treatment of SKOV3 and OVCAR3 cells with olaparib-Ga
markedly reduced the levels of p-PI3K and p-AKT (Figure S6).
In summary, these data demonstrated that olaparib-Ga resulted
in RRM2 inhibition and DNA damage, activation of Fe?t/
ROS/MAPK and HMOXI1 signaling, and suppression of the
PI3K/AKT pathway in HRR-proficient SKOV3 and OVCAR3
cancer cells. It has been reported that dysregulation of these
signaling pathways could contribute to cancer cell apopto-
sis.”***> Altogether, our results indicated that olaparib-Ga
could promote cancer cell apoptosis via synergy between Ga
ions and olaparib.
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In Vivo Antitumor Efficiency and Preliminary Evalua-
tion of Biosafety. To further support our in vitro findings and
to confirm the potential clinical implications, SKOV3-derived
and OVCAR3-derived tumor xenograft models were estab-
lished. These luciferase-expressing tumor cells (SKOV3-luc
and OVCAR3-luc) were injected into mice intraperitoneally.
During the process of model establishment, the luciferase
signal was monitored using an IVIS. Subsequently, the in vivo
efficacy of olaparib-Ga against the growth of HRR-proficient
ovarian tumors was investigated. Figure 7A describes the
detailed procedure for the animal experiment. Here, mice
treated with the same dose of Ga-GA@BSA nanodrug but
without olaparib was also used as the control. In the SKOV3-
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luc model, the treatment began 1 week after the inoculation of
SKOV3-luc cells. The mice were divided into four groups and
treated with the control, olaparib, olaparib-Ga, or Ga-GA@
BSA. The luciferase signal of SKOV3-luc cells was detected
using noninvasive bioluminescence imaging for assessing the
therapeutic effects. The bioluminescence images from each
group (n = 5) and the quantification of the bioluminescence
intensities at day 0 and day 22 are shown in Figures 7B and S7.
There were no differences in bioluminescence intensity
between any of the groups at day 0. However, at day 22, the
olaparib-Ga-treated group exhibited the lowest biolumines-
cence intensity, that is, the highest therapeutic effect. In
contrast, the olaparib treatment and Ga-GA@BSA treatment
induced limited tumor-suppressive effects against the growth of
SKOV3 tumors. The mice were then sacrificed, and the tumors
from each mouse were obtained and photographed using a
digital camera. As expected, the tumors derived from the
SKOV3-luc cells treated with olaparib-Ga were much smaller
than those treated with olaparib, Ga-GA@BSA, or control
reagents, which suggests that olaparib-Ga treatment could
significantly inhibit tumor growth (Figure 7C). More
importantly, olaparib-Ga treatment also markedly inhibited
the metastasis of SKOV3-luc-derived tumors, as evidenced by
reduced formation of abdominal tumor nodules in the colon
and liver compared with the olaparib-treated, Ga-GA@BSA-
treated, and control groups (Figure 7D). Furthermore,
immunohistochemical analysis was performed to verify the
antitumor performance of the olaparib-Ga nanodrug in the
xenograft tumor tissues. The expression of Ki-67, a cell
proliferation marker, was notably downregulated in the
olaparib-Ga group compared with the control, olaparib-treated,
or Ga-GA@BSA-treated group (Figure 8A and B). Moreover,
the expression of cleaved-caspase 3 protein was prominently
upregulated following olaparib-Ga treatment, suggesting the
improved therapeutic effect relative to olaparib or Ga-GA@
BSA. Biosafety is a very important consideration for biomedical
applications. The major organs, including the heart, lung,
spleen, kidney, and liver, showed no detectable change in any
of the four treatment groups (Figure 8C). In addition, the
H&E staining of the heart, liver, spleen, lung, and kidney
demonstrated that the mice treated with olaparib-Ga
maintained normal tissue structure without distinct damage
or inflammatory lesions (Figure 8D). Additionally, the blood
results showed a small reduction in white blood cells, including
neutrophils, in the olaparib-Ga-treated group (Figure 8E).
Blood biochemistry results indicated no significant difference
between the four groups, indicating good biocompatibility
(Figure 8F).

Furthermore, the antitumor efficacy of the olaparib-Ga
nanodrug against OVCAR3 tumors was also evaluated.
Similarly, the ovarian cancer model was established by
injecting OVCAR3-luc cells into mice intraperitoneally. The
establishment of the OVCAR3-luc model was monitored using
IVIS, and the antitumor efficacy of the four different
treatments in mice bearing OVCAR3-luc tumors was
examined. The detailed procedure for the animal experiments
is depicted in Figure S8A. The bioluminescence images from
each group (n = S) and the quantification of the bio-
luminescent signal intensity at day O were similar (Figure S8B
and C). However, the bioluminescence intensity of the
olaparib-Ga group was the lowest among the four groups at
day 22 (Figure S8B and C). The anticancer effect of the
olaparib-Ga nanodrug in the OVCAR-3 cell-derived tumor

model was similar to that of the SKOV3-derived tumor model.
H&E staining of the heart, liver, spleen, lung, and kidney
showed that the olaparib-Ga-treated group maintained a
normal tissue structure feature without distinct damage or
inflammatory lesions compared with the control, olaparib-
treated, or Ga-GA@BSA-treated group (Figure S9A). More-
over, the routine blood and blood biochemistry results
highlighted the biosafety of the olaparib-Ga nanodrug (Figure
S9B and C). Altogether, the results from both models
confirmed the good therapeutic effect and safety of olaparib-
Ga, demonstrating that this nanodrug possesses clinical
translational potential for ovarian cancer therapy.

The Advantage of Olaparib-Ga Nanodrug versus Free
Drugs. In order to uncover the advantage of the olaparib-Ga
nanodrug in antitumor cell activity against HRR-proficient
ovarian cancer cells, SKOV3 cells were treated with multiple
sets of drugs including olaparib, Ga**, gallic acid, olaparib plus
Ga®*', olaparib plus gallic acid, gallic acid plus Ga**, or olaparib-
Ga nanodrug given at different drug doses. The cell variability
was determined at 48 h after treatments. The sample
concentration in each subgroup was calculated in correspond-
ence with the olaparib concentration, and the concentration
range was selected based on the ICy, of the olaparib-Ga
nanodrug. As a result, all treatment groups exhibited dose-
dependent tumor cell killing ability after 48 h treatments
(Figure S10A). Of note, the olaparib-Ga nanodrug treatment
groups showed significantly stronger antitumor activity when
compared with the other treatment groups at concentrations of
66, 88, and 110 uM as calculated based on olaparib (Figure
S10A). To further validate this finding, we have also chosen an
88 uM concentration and compared different treatment groups
at 72 h. The results indicated that the olaparib-Ga nanodrug
was still the most effective group in inhibiting SKOV3 cell
viability (Figure S10B). In addition, colony formation assays
with different treatment groups were conducted, and the same
trend was detected as the cell variability assay (Figure S10C).
Therefore, it is important to include olaparib-Ga in nanodrug
formulations to achieve a more significant SKOV3 cell
inhibition.

To further examine the in vivo antitumor advantages of the
olaparib-Ga nanodrug over the free drugs, SKOV3-luc cells
induced tumor bearing BALB/c nude mice were randomly
divided into eight groups and then treated with the following
different treatments: control, olaparib, Ga®', gallic acid,
olaparib plus Ga*, olaparib plus gallic acid, gallic acid plus
Ga*', and olaparib-Ga nanodrug. During the treatment process,
bioluminescence imaging was used to detect the SKOV3-luc
cells’ signal intensity in tumors. The results demonstrated that
the olaparib-Ga nanodrug treated tumor had the weakest signal
intensity as compared to all the other treatment groups on day
22 (Figure S11A and B). However, the tumor signal intensity
was not decreased statistically in the olaparib, Ga*, gallic acid,
olaparib plus Ga**, olaparib plus gallic acid, or gallic acid plus
Ga®" treatment groups. The mice in all groups were then
sacrificed, and the tumor tissues were collected for photo-
graphs and bioluminescence imaging. The general images of
tumor tissues showed that the volume of tumors in the
olaparib-Ga nanodrug treatment group was significantly
smaller than that of the other groups (Figure S11C).
Meanwhile, the tumor bioluminescence signal intensity in
the olaparib-Ga nanodrug group was also the lowest as
compared with the other groups (Figure S11D). Ki-67 IHC
staining showed that the Ki-67 protein expression levels in the
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olaparib-Ga nanodrug treatment group were much lower than
in the other treatment groups (Figure S11E). Thus, all the
above results indicated that the olaparib-Ga nanodrug
possessed the best superiority. Moreover, the preliminary
biosafety was also evaluated. There was almost no significant
difference in body weight among all the groups during the
treatment process (Figure S12A). The blood routine and
blood biochemistry markers did not change much for all eight
groups (Figure SI12B and C). The optical images of major
organs including the heart, liver, spleen, lung, and kidney
showed no detectable changes in all treatment groups (Figure
S12D). The H&E staining of the heart, liver, spleen, lung, and
kidney demonstrated that the mice in the eight groups
possessed no obvious lethal damage (Figure S12E). Therefore,
the above in vitro and in vivo studies demonstrated that
designing the olaparib-Ga into a nanodrug formulation is
necessary for effective treatment of HRR-proficient ovarian
cancer.

CONCLUSION

In this study, an “all-in-one” olaparib-Ga self-assembled
nanodrug was designed for the treatment of HRR-proficient
ovarian cancer, which exhibited an excellent suppressing
capacity on the cell viability of two HRR-proficient ovarian
cancer cell lines (SKOV3 and OVCAR3) compared with
olaparib alone. Furthermore, the synergistic effect of gallium-
(IIT) and olaparib in HRR-proficient ovarian cancer cells was
demonstrated. The enhanced therapeutic effect of olaparib-Ga
may be attributable to suppression of RRM2 expression,
activation of the Fe**/ROS/MAPK pathway and HMOXI
signaling, inhibition of the PI3K/AKT pathway, and enhanced
cleaved-caspase 3 and BAX protein expression. In addition, in
vivo experiments involving SKOV3 and OVCARS3 cell-derived
xenograft models demonstrated that the olaparib-Ga nanodrug
could markedly inhibit tumor growth. Additionally, the
olaparib-Ga nanodrug did not induce significant cytotoxicity
in vivo. Therefore, we propose that the olaparib-Ga nanodrug
possesses promising clinical application prospects for HRR-
proficient ovarian cancer treatment.

EXPERIMENTAL METHODS

Synthesis of Ultrasmall Olaparib-Ga Nanoparticles. Ultra-
small olazparib—Ga nanoparticles were prepared using a previous
method.*” Specifically, 160 mg of BSA was added to 18 mL of
deionized water and stirred for 0.5 h. A 10 mg/mL GaCl; solution
(2.2 mL) was then added to form a homogeneous solution. After
stirring for 3 h, a 10 mg/mL gallic acid aqueous solution (2.05 mL)
was dropped and continuously stirred at room temperature overnight.
Subsequently, 100 uL of an olaparib dimethyl sulfoxide (DMSO)
(Sigma) solution (100 mM) was introduced. After stirring for 6 h,
olaparib-Ga nanoparticles were obtained by dialysis (molecular weight
cutoff, 8000—14000 Da) for 12 h. In all experiments, the
concentration of the olaparib-Ga nanoparticles was determined
using the Ga content.

Cell Viability Assay and Apoptosis Assay. Olaparib powder
was first immersed in DMSO to form the stock solutions (100 mmol/
L) and stored at —80 °C for further use. For the cell viability assays,
SKOV3 and OVCAR3 cells (5 x 10° cells per well) were cultured into
96-well plates for 24 h. The culture medium was replaced with fresh
DMSO or graded concentrations of olaparib and olaparib-Ga for 24,
48, and 72 h. Finally, the medium in each well was replaced with fresh
culture medium including 10% Cell Counting Kit-8 solution (Dojindo
Laboratories). The cells were cultured for another 2 h, and
subsequently the absorbance in each well was read at a wavelength
of 450 nm using a spectrophotometer (Thermo Fisher Scientific).

Dose—response curves were generated using GraphPad Prism 9.0
(GraphPad Software, Inc.). Cell viability was examined relative to the
control groups. Each assay was conducted in triplicate and repeated
independently three times.

The cells were harvested, washed, and then resuspended in the
binding buffer containing annexin V-fluorescein isothiocyanate
(FITC) and propidium iodide (PI) (MultiSciences) for 15 min in
the dark. The apoptotic rate was measured by flow cytometry (BD
Biosciences, FACSVerse). Each assay was conducted independently
three times.

Colony Formation Assay. SKOV3 and OVCAR3 cells (1 x 10°)
were seeded into six-well plates, then treated with the control,
olaparib, or olaparib-Ga for 10 days. Once colonies had developed,
they were fixed in 70% ethanol for 10 min and stained with 2% crystal
violet solution (Sigma) for S min. Plates were then imaged using a
camera (Canon). These experiments were repeated independently
three times.

RNA Extraction and RT-gqPCR. The RNA extraction was
conducted as previously described.*” The primers are listed in
Table S2.

Western Blot Analysis. SKOV3 and OVCAR3 cells were
analyzed for the expression of RRM2 (Proteintech), y-H2AX
(Abcam), HMOX1 (Proteintech), PI3K (Cell Signaling Technology),
p-PI3K (Cell Signaling Technology), AKT (Abcam), p-ATK (Cell
Signaling Technology), BAX (Proteintech), cleaved-caspase 3
(Affinity), and p-actin (Proteintech) proteins, as previously
described.*® The cells were collected and lysed after treatment
(control, olaparib, or olaparib-Ga). Subsequently, the protein was
transferred to PVDF membranes (Millipore), and Western blot
analysis was performed with antibodies according to the manufac-
turer’s recommendations. The experiments were repeated independ-
ently three times.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde
(Servicebio) and permeabilized with PBS-T (PBS, 0.3% Triton X-
100). The cells were then blocked with 10% fetal bovine serum (FBS)
containing 0.3% Triton X-100 (VETEC) for 1 h and then incubated
with primary anti-yH2AX (Abcam) overnight. This was followed by
staining with goat anti-mouse IgG (H+L) Alexa Fluor Plus-488
labeled secondary antibody (Invitrogen) for 1 h. Coverslips were
mounted with a DAPI solution (Abcam). A confocal laser-scanning
microscope (Olympus, FLUOVIEW FV1200) was used to visualize
the fluorescence and acquire photos from four representative fields of
each section.

RNA Sequencing Library Construction and Sequencing.
Total RNA was obtained from treated OVCAR3 cells using Trizol
(Invitrogen). RNA quality was verified using a Bioanalyzer 2200
(Agilent). RNA samples with an RNA integrity number of >0.7 were
used for cDNA library construction. RNA sequencing was performed
by NovelBio Laboratory (Shanghai, China). Briefly, the comple-
mentary DNA (cDNA) libraries were constructed for each RNA
sample using the TruSeq Stranded mRNA library prep kit (Illumina,
Inc.) according to the manufacturer’s instructions. The libraries were
quality controlled using an Agilent 2200 bioanalyzer and sequenced
on a NovaSeq 6000 instrument using a 150-bp paired-end run.

RNA Sequencing Mapping. Clean reads were obtained from the
raw reads by removing the adaptor sequences and low-quality reads
and then mapped to the human genome GRCh38 (NCBI) using
HISAT2.*® HTseq was used to get gene counts. The RPKM method
was used to determine the gene expression."’

Intracellular Iron and ROS Evaluation. Intracellular iron
content was investigated by using the fluorescent probe Phen Green
SK (PGSK; Invitrogen) and FerroOrange (Dojindo Laboratories)
according to the manufacturer’s instructions.. SKOV3 and OVCAR3
cancer cells were treated (control, olaparib, or olaparib-Ga) for 3 h,
then incubated with S mM PGSK or 0.5 pg/mL FerroOrange at 37
°C for 30 min. For PGSK, the cells were then washed with PBS twice
(washing was not necessary after FerroOrange treatment). Fluo-
rescence images were recorded via a confocal laser scanning
microscope (Olympus, Fluoview FV1200). The experiments were
repeated independently three times.
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Intracellular ROS generation was measured using a confocal laser
scanning microscope (CLSM). SKOV3 and OVCAR3 cancer cells
were cultured in CLSM culture dishes (2 X 10° cells per well)
overnight under normal culture conditions. The culture medium was
then replaced with an equal volume of DMEM containing control,
olaparib, or olaparib-Ga and incubated for 3 h. PBS containing 2.5
HM ROS was used to replace the medium, and the cells were then
incubated at 37 °C for 30 min in the dark. The cells were then washed
three times. Green fluorescence was detected to confirm intracellular
ROS generation using a confocal laser scanning microscope
(Olympus, Fluoview FV1200). The experiments were performed
independently three times.

In Vivo Tumor Xenograft Model. All the animal experiments
including biodistribution and tumor xenograft model studies of
olaparib-Ga were approved by the Institutional Animal Care and Use
Committee (IACUC) of Zhejiang Chinese Medical University (no.
IACUC-20200222-09). The studies were conducted in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Female, 5-week-old BALB/c nude mice were
purchased from Shanghai Slack Laboratory Animal Center (Shanghai,
China) and kept in a dedicated SPF facility in the animal research
center of Zhejiang Chinese Medical University. For the xenograft
experiments, approximately 2 X 10° luciferase ovarian cancer cells
(SKOV3-luc or OVCAR3-luc) were mixed in 100 uL of PBS, then
injected intraperitoneally into the nude mice (n = 40). The SKOV3-
luc or OVCAR3-luc tumor-bearing mice were used after 7 days.
Subsequently, these mice were randomly divided into four groups (n
= S per group): (a) intravenous injection of PBS; (b) intravenous
injection of 200 uL of olaparib (0.5 mM); (c) intravenous injection of
200 uL of olaparib-Ga (0.5 mM with respect to olaparib); (d)
intravenous injection with 200 L of Ga-GA@BSA (the same amount
with respect to the olaparib-Ga nanodrug). In the first S days, these
treatments were repeated daily. Antitumor performance after
treatment was monitored once per week using bioluminescence
intensity measurements with the IVIS (PerkinElmer). The bio-
luminescence signal intensity of the tumors in each mouse was
calculated using the Living Image software (PerkinElmer, USA). The
results are shown as means + SD. Twenty-two days after different
treatment processes, the blood sample of each mouse was first
obtained and sent for routine blood and biochemistry analysis. Then,
bioluminescence images was taken. Finally, the mice in different
groups were sacrificed, and the major organs (heart, liver, spleen, lung,
and kidney) of each group were isolated and placed in 4%
paraformaldehyde for 24 h, then sectioned and H&E-stained for
histological examination. Another 32 SKOV3-luc tumor-bearing mice
used to determine the advantage of the olaparib-Ga nanodrug over
free drugs were treated with control, olaparib, Ga®, gallic acid,
olaparib plus Ga*, olaparib plus gallic acid, Ga** plus gallic acid, or
olaparib-Ga (n = 4 each group) following a similar procedure to that
mentioned above.
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