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Exosome-liposome hybrid nanoparticle Gl

codelivery of TP and miR497 conspicuously
overcomes chemoresistant ovarian cancer
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Abstract

Background: Although cisplatin-based chemotherapy has been used as the first-line treatment for ovarian cancer
(OC), tumor cells develop resistance to cisplatin during treatment, causing poor prognosis in OC patients. Studies
have demonstrated that overactivation of the phosphatidylinositol 3-kinase/protein kinase B/mammialian target of
rapamycin (PI3K/AKT/mTOR) pathway is involved in tumor chemoresistance and that overexpression of microRNA-497
(miR497) may overcome OC chemotherapy resistance by inhibiting the mTOR pathway. However, the low transcrip-
tional efficiency and unstable chemical properties of miR497 limit its clinical application. Additionally, triptolide (TP)
was confirmed to possess a superior killing effect on cisplatin-resistant cell lines, partially through inhibiting the mTOR
pathway. Even so, the clinical applications of TP are restricted by serious systemic toxicity and weak water solubility.

Results: Herein, whether the combined application of miR497 and TP could further overcome OC chemoresistance
by synergically suppressing the mTOR signaling pathway was investigated. Bioinspired hybrid nanoparticles formed
by the fusion of CD47-expressing tumor exosomes and cRGD-modified liposomes (miR497/TP-HENPs) were prepared
to codeliver miR497 and TP. In vitro results indicated that the nanoparticles were efficiently taken up by tumor cells,
thus significantly enhancing tumor cell apoptosis. Similarly, the hybrid nanoparticles were effectively enriched in the
tumor areas and exerted significant anticancer activity without any negative effects in vivo. Mechanistically, they pro-
moted dephosphorylation of the overactivated PI3K/AKT/mTOR signaling pathway, boosted reactive oxygen species
(ROS) generation and upregulated the polarization of macrophages from M2 to M1 macrophages.

Conclusion: Overall, our findings may provide a translational strategy to overcome cisplatin-resistant OC and offer a
potential solution for the treatment of other cisplatin-resistant tumors.
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Background

Ovarian cancer (OC) is a highly lethal gynecologic tumor.
It is also the second leading gynecologic malignancy
among women, with approximately 13,770 deaths and
nearly 21,410 new cases estimated for 2021 in the United
States [1, 2]. The low survival rate for OC has been the
case for decades [3]. Cisplatin increases survival in OC
patients by interacting with DNA to form intrastrand
crosslinking adducts and hence initiating proapoptotic
signaling pathways [4—6]. However, chemical resistance
has hampered its effectiveness in OC by various mecha-
nisms involving reduced drug uptake, increased drug
deactivation, enhanced DNA adduct repair, and activa-
tion of multiple signaling pathways that promote cell pro-
liferation or suppression of pathways that promote cell
death, such as loss of p53 function [7-9].

The clinical application of triptolide (TP) in drug-
resistant OC is promising [10]. TP was extracted from
the Chinese traditional medicine Tripterygium wilfor-
dii Hook. F [11]. Several studies have demonstrated that
TP suppresses the growth of chemotherapy-resistant
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cell lines in a variety of tumors, including pancreatic
cancer, non-small cell carcinoma, breast cancer and OC
[12-17]. TP also synergizes with multiple chemothera-
peutic agents to overcome tumor resistance. For exam-
ple, TP synergizes with cisplatin to overcome resistance
in ovarian, lung, breast and bladder cancers, and TP
is combined with paclitaxel to overcome resistance in
prostate cancer and cervical carcinoma [18-20]. Over-
activation of phosphatidylinositol 3-kinase/protein
kinase B/mammalian target of rapamycin (PI3K/AKT/
mTOR) signaling is associated with tumor-acquired
chemotherapy resistance [21]. However, TP could effec-
tively hinder the PI3K/AKT/mTOR signaling pathway
[22, 23]. Moreover, an imbalance of glutathione (GSH)
and reactive oxygen species (ROS) in OC cells may be
responsible for drug resistance in OC [24, 25], and TP
could correct the imbalance [26]. In addition, TP mod-
ulated the polarization of M2 macrophages to M1 mac-
rophages to assist in the reversal of tumor resistance
[27]. Compared with chemotherapeutic drugs targeting
a single pathway, TP is involved in multiple antitumor
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pathways, and resistance to TP is less likely to be pos-
sessed. Therefore, TP represents a potential chemother-
apeutic agent for cisplatin-resistant OC. Nevertheless,
the severe systemic toxicity of TP and its poor water
solubility resulting in low bioavailability limit its clini-
cal application [28, 29].

Overexpressing microRNA-497 (miR497) may effec-
tively overcome drug resistance in OC. Nevertheless, the
low transcriptional efficiency and chemical instability of
miR497 limit its utilization. miR497, a noncoding RNA
of 22 nucleotides, belongs to one of the highly conserved
miR-15/107 families [30]. miR497 exerts vital inhibitory
effects on malignant tumors by restraining cell growth
and eliciting apoptosis in lung cancer, hepatocellular
carcinoma, osteosarcoma, and prostate cancer [31-33].
Studies have shown that miR497 can sensitize lung can-
cer cells to cisplatin resistance treatment in an AKT2-
dependent manner [34]. Likewise, downmodulation of
miR497 enhanced cell growth and cisplatin resistance in
osteosarcoma by means of the PI3K/AKT pathway [35].
Xu’s results demonstrated that miR497 was downregu-
lated in cisplatin-resistant OC, yet miR497 overexpres-
sion sensitized drug-resistant OC to cisplatin treatment
by targeting mTOR/P70S6K1 [36]. However, most naked
miRNAs are captured by endosomes, which causes poor
intracellular delivery. Ultimately, inefficient gene interfer-
ence occurs [37]. In vivo experiments usually use miRNA
agomirs, which are specifically chemically modified to
improve the stability of miRNAs and their ability to resist
RNA enzymes [38].

Nanoplatform (NP)-mediated chemotherapy drug
delivery has contributed to the development of clini-
cal cancer therapy [39-42]. Liposomes are favored as
popular drug delivery systems (DDSs) due to their self-
assembly properties, ability to encapsulate water-solu-
ble and lipophilic drugs and superior pharmacokinetic
profile [43], and they deliver their encapsulated agents
mainly through passive accumulation in specific tissues
unless they carry additional surface ligands. The tumor-
targeting peptide cRGD (cyclic arginine-glycine-aspar-
tate acid) specifically targets the cell attachment receptor
integrin a5 integrin, which is widely used as a target for
tumor diagnosis and therapy because it is overexpressed
in various tumor cells [44]. Liposomes are available for
the active targeting of tumor cells by the modification
of cRGD [45]. However, the property that liposomes are
vulnerable to clearance by the mononuclear phagocyte
system (MPS) restricts their cargo delivery application.

Exosomes have attracted substantial attention as
DDSs due to their nanosized particles (30-150 nm),
excellent biocompatibility, superior transcellular cross-
communication, inherent hematological stability, low
immunogenicity and homing targeting [46]. CD47 (a
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transmembrane protein) is highly expressed in tumor-
derived exosomes [47]. The binding of CD47 and signal-
regulatory protein alpha (SIRPa) serves as a “do not eat
me” signal, thus evading phagocytosis by the MPS [48].
However, the inefficient drug encapsulation of exosomes
is still an urgent challenge to be solved.

Recently, numerous studies have shown that hybrid
nanoparticles, formed by membrane fusion of engineered
exosomes (transfected with CD47 genes) and liposomes,
increased drug delivery and avoided clearance by the
MPS system [49]. The hybrid nanovesicles were charac-
terized by excellent biocompatibility, prolonged circula-
tion time, nonremoval by the MPS, and precise targeting
to the tumor site for the rapid release of drugs [47, 50,
51].

The purpose of this article was to verify whether the
combination of miR497 and TP, targeting diverse regu-
latory mechanisms, effectively overcomes cisplatin-
resistant OC. We designed a new bioinspired hybrid
nanoplatform, namely, miR497/TP-HENPs, composed of
exosomes from SKOV3-CDDP cells and liposomes modi-
fied by the target peptide cRGD, with the chemothera-
peutic drug TP as the cargo and calcium phosphate (CaP)
as a medium to adsorb miR497 on the surface of nano-
particles by electrostatic adsorption to reduce drug leak-
age. These hybrid nanoparticles effectively target tumor
sites through the homologous targeting effect of tumor
cell-derived exosomes and cRGD targeting. Under acidic
conditions in the tumor microenvironment, the bioin-
spired nanoparticles rapidly cleave and release miR497
and TP, which synergistically induce OC cell apoptosis by
inhibiting the PI3K/AKT/mTOR signaling pathway. TP
also depletes GSH in tumor cells and elevates intracel-
lular ROS to promote tumor cell death. Finally, TP over-
comes drug resistance in OC by regulating macrophage
polarization. In conclusion, the homotarget properties
of nanoparticles can dramatically augment their ability
to target and be retained at cancer sites, thereby improv-
ing the effectiveness of cancer therapy and overcoming
chemoresistance (Fig. 1).

Results and discussion
Synthesis and characterization of bioinspired
nanoplatforms
To improve the targeting efficiency of nanoparticles,
increase the drug encapsulation ratio and reduce the
toxic side effects of anticancer drugs, we prepared and
characterized pH-sensitive biomimetic targeted hybrid
nanoparticles named HENPs, which integrated exosomes
and liposomes.

Tumor exosome-based nanoparticles are a promising
and effective drug delivery platform [52]. In our study,
exosomes were harvested from the conditioned culture
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Fig. 1 Diagram of the formative process and mechanism of action of miR497/TP-HENPs. miR497/TP-HENPs were synthesized by membrane fusion
and biomineralization methods. First, liposomes were synthesized by assembly with DSPE-PEG;,-cRGD, phosphatidylcholine (PC), cholesterol and
encapsulated TP. Then, liposomes and exosomes were fused by membrane fusion. Finally, CaP adsorbed miR497 on the surface of nanoparticles.
The mechanisms by which miR497/TP-HENPs operated in OC cells were as follows: a the enhanced permeability and retention (EPR) effect were
generated from the nanoscale size of the nanoplatforms, b the homing targeting of exosomes and cRGD further enhanced the targeting efficiency
of nanoparticles, ¢ CD47 on the exosome surface avoided nanoparticle clearance by the MPS system, d miR497 and TP synergistically inhibited

synergistically overcoming OC resistance

the PI3K/AKT/mTOR pathway, e TP stimulated ROS production, and f TP modulated polarization of M2 macrophages into M1 macrophages,

supernatant of cisplatin-resistant SKOV3-CDDP cells
according to classic ultracentrifugation as described in
the methods [53]. The transmission electron microscopy
(TEM) results displayed that the exosomes presented a
typical cup-shaped morphology (Fig. 2A). The nanopar-
ticle tracking analysis (NTA) results confirmed that the
average particle size of the exosomes was approximately
104+11 nm (Fig. 2B), and the distribution range of
nanoparticles was 30-150 nm (Fig. 2C), suggesting that
the exosomes we extracted conformed with the general
standards.

The successful synthesis of cRGD and DSPE-PEG-
COOH was verified by '"H-NMR (Additional file 1: Fig-
ure S1A, B). Liposomes were prepared by a simple thin
film hydration technique and coupled with extrusion
through a 200-nm polycarbonate membrane. TEM and
DLS showed that the average particle size of spherical

liposomes (Additional file 1: Figure S2) was 110+ 15 nm
(Fig. 2E).

Next, we hybridized exosomes and liposomes through
ultrasound, membrane fusion and extrusion, construct-
ing a biomimetic nanoparticle. The TEM images showed
that the morphology of HENPs was uniform and round
(Fig. 2D). The particle size of the hybrid nanoparti-
cles was 125+ 6 nm (Fig. 2E). The fusion efficiency of
exosomes and liposomes was evaluated by fluorescence
resonance energy transfer (FRET). The prehybridization
spectra are shown as liposomes, while the posthybridi-
zation spectra are represented by HENPs spectra. We
found that the peak emission of FITC at Aem =525 nm
was elevated, but the peak emission of rhodamine B (RB)
at Aem =595 nm was decreased after fusion occurred.
The reduced FRET effect was attributed to the increased
distance between both fluorescent dyes FITC and RB,
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Fig. 2 Synthesis and characterization of HENPs. A Representative image of exosomes captured by TEM at different magnifications. B The size
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indicating that the content of exosomes was inserted
into the lipid bilayer of liposomes (Fig. 2F). To quantify
the diminished FRET effect, we calculated the FRET effi-
ciency. The results showed the quantification of FRET
efficiency at different time. We found that the FRET effi-
ciency decreased and finally remained at a relatively sta-
ble level over a period (Additional file 1: Figure S3). The
above results demonstrated that the exosomes under-
went membrane fusion with liposomes. Moreover, we
used western blotting (WB) experiments to detect the

characteristic proteins of exosomes to evaluate whether
the components of exosomes changed during the fusion
process. The results showed that the expression levels
of CD47, TSG101 and CD9 in the exosome and HENPs
groups were less different, while Calnexin was classi-
fied as a negative control (Fig. 2G). The structure of the
exosomes did not change significantly in the HENDPs.

All three nanoparticles were negatively charged
(Fig. 2J), reducing nonspecific cellular uptake and pro-
longing circulation times due to electrostatic repulsion
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with negatively charged cell membrane surfaces. Subse-
quently, the stability of the three nanoparticles was evalu-
ated by measuring the particle size and polydispersity
index (PDI) after incubation in PBS with 10% fetal bovine
serum (FBS) for 7 days. We found that compared with
exosomes and liposomes, HENPs were more stable in
the blood circulation because their particle size remained
approximately 125 nm and the PDI was always less than
0.2. In contrast, the stability of exosomes was far less than
that of HENPs (Fig. 2H, I). In vitro data revealed negligi-
ble toxicity of HENPs to OC cells, L929 fibroblasts and
mouse macrophage RAW 264.7 cells (Additional file 1:
Figure S4).

Then, we loaded TP and miR497 into the hybrid nano-
particles as detailed in the methods. A gel block test was
performed to estimate the protective ability of miR497-
HENPs to protect miR497 from RNase degradation. Free
miR497 was quickly degraded by RNase, but no signifi-
cant degradation of miR497-HENPs was observed after
encapsulation for 48 h, suggesting that the nanoparticles
protected miR497 from degradation by RNase (Addi-
tional file 1: Figure S5). We found that the encapsulation
of the drug did not cause changes in the size and mor-
phology of the nanoparticles. The hybrid nanoparticles
had encapsulation efficiencies (EE%) of 78 £3% and
72 £5% for TP and miR497, respectively. Due to the pH-
sensitive property of CaP, miR497/TP-HENPs disassem-
bled intracellularly in an acidic environment, releasing
the Cy5-miRNC and TP of HENPs more rapidly at a pH
of 5.5 than at a pH of 7.4 (Fig. 2K, L). In contrast, there
was no considerable impact of the pH level on the release
of free Cy5-miRNC and TP, both of which reached 80%
release within 20 h. These results revealed that miR497/
TP-HENDPs rapidly released the encapsulated drug in the
acidic microenvironment rather than at normal sites.

In summary, we prepared miR497/TP-HENPs char-
acterized by a suitable nanoparticle size, multitargeting
capability, high drug encapsulation rate, valid drug pro-
tection and low clearance by MPS. These advantages of
nanoparticles allowed forceful delivery of chemothera-
peutic agents to the tumor site, ensuring a synergistic
therapeutic effect of cisplatin-resistant OC.

Uptake of HENPs by OC cells

In general, the superior antitumor effect requires effec-
tive cellular uptake of medicine by cancer cells. There-
fore, the uptake ability of the hybrid nanoparticles by
SKOV3-CDDP and SKOV3 cells was evaluated. First,
we formulated nanoparticles loaded with a fluorescent
dye, RB. Next, free RB, RB liposomes (RB Lipo) and RB
HENPs were incubated with the two OC cell lines for dif-
ferent times. Finally, the results were visualized by con-
focal laser scanning microscopy (CLSM). We found that
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the fluorescence intensity was free RB<RB Lipo<RB
HENPs (Fig. 3A, B), and the fluorescence intensity of RB
was quantified (Additional file 1: Figure S6A, B), sug-
gesting that compared to liposomes, biomimetic nano-
particles HENPs further increased the uptake of cargo
by SKOV3-CDDP and SKOV3 cells in a time-depend-
ent manner. Similarly, we observed the same results by
flow cytometry (FCM), in which the mean fluorescence
intensity (MFI) was significantly higher in the HENPs
group than in the Lipo group and control group (Fig. 3C,
D). It is worth mentioning that compared with SKOV3
cells, the fluorescence intensity in SKOV3-CDDP cells
was always at a higher level, possibly due to the homing
targeting properties of exosomes on maternal SKOV3-
CDDP cells. The above results highlight that the hybridi-
zation of exosomes and liposomes improves the targeting
ability of SKOV3-CDDP cells and the cellular uptake of
drug-loaded nanovesicles.

To better understand the mechanism of the uptake of
HENPs by OC cells, diverse internalization inhibitors
were added to SKOV3-CDDP and SKOV3 cells to block
specific uptake routes. We found that there was a mod-
est difference between the nystatin (caveolae-mediated
endocytosis inhibitor) group and the no-blockade group.
However, the fluorescence intensity in SKOV3-CDDP
and SKOV3 cells markedly decreased when incubated
with chlorpromazine, a clathrin-dependent endocytosis
inhibitor. Interestingly, dynasore, which simultaneously
inhibited both uptake pathways mentioned above, exhib-
ited the highest inhibition rate (Fig. 3E, F). The fluores-
cence intensity of RB was quantified (Additional file 1:
Figure S6C, D). The above results suggest that the mech-
anism by which RB HENPs enter target cells is mainly
mediated by clathrin-mediated endocytosis and assisted
by caveolae-mediated endocytosis.

Nanoparticles were easily cleared by MPS systems,
but CD47 on the exosome surface binding effectively to
SIRPa serves as a “do not eat me” signal thus evading the
clearance. Hence, CD47 was knocked down efficiently in
SKOV3-CDDP cells to illustrate the function of CD 47 in
avoiding clearance by MPS (Additional file 1: Figure S7A).
We extracted exosomes derived from SKOV3-CDDP and
SKOV3-CDDP, (-, cells. Two kinds of hybrid nanoparti-
cles were synthesized, including LHENPs (hybrid nanopar-
ticles with low expression of CD47) and HHENPs (hybrid
nanoparticles with high expression of CD47). Then, both
nanoparticles were labeled with the dye Dil. Fluorescence
microscopy (FM) was employed to observe the cellular
uptake of LHENPs and HHENPs at 4 h after incubation
with RAW 264.7 cells. Fewer HHENPs were observed
inside macrophages than LHENPs (Additional file 1: Fig-
ure S7B). These results suggest that the CD47 protein on
the surface of exosomes derived from cancer cells can
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efficiently prevent nanoparticles from being phagocytosed
by the MPS system.

miR497/TP-HENPs overcome OC chemotherapy resistance
by inhibiting the PI3K/AKT/mTOR signaling pathway

in vitro

To evaluate the inhibitory effect of cisplatin and TP on OC
cells, we performed a CCK-8 assay in two types of OC cells.
The half-inhibitory concentrations (IC50) of cisplatin in
two types of OC cells, SKOV3-CDDP and SKOV3, were
17.73+2.58 pg mL " and 5.44 4 1.37 pg mL ™", respectively,
confirming an approximately threefold resistance to cis-
platin in the SKOV3-CDDP cell line. TP exhibited higher
antitumor potential than cisplatin in both cell lines, and
there was no difference in the IC50 of TP (SKOV3-CDDP,
14.984+1.92 ng mL~! and SKOV3, 14.9242.52 ng mL™})
for either OC cell line at 48 h (Additional file 1: Figure S8A,
B).

To investigate the potential anticancer effects of
miR497/TP-HENPs in vitro, first, two OC cell lines
were treated with different drugs at 24 h, 48 h and 72 h.
We found that the cell viability of OC cells treated with
miR497-HENPs, free TP, TP-HENPs, and miR497/
TP-HENPs nanoplatforms was decreased in a time-
dependent manner. The administration of miR497/
TP-HENPs exhibited the highest cytotoxicity toward
OC cells among all the groups (Additional file 1: Figure
S9A, B), suggesting that miR497 and TP encapsulated
in HENPs can synergistically overcome drug resistance
in OC. Considering that nanoparticles encapsulating
TP and miR497 are released more rapidly in an acidic
environment, we further examined whether the anti-
tumor effect of nanoparticles was further enhanced in
an acidic environment. First, both OC cell lines were
cultured with acidic medium (pH 5.5) and treated with
PBS, miR497, miR497-HENPs, TP, TP-HENPs and
miR497/TP-HENPs at 24 h, 48 h and 72 h. The absorb-
ance values at 450 nm were measured after 1 h of CCK8
treatment. We found that the absorbance value in the
blank group was approximately 0.5 at pH 5.5, while it
was nearly 1.0 at pH7.4. These results indicated that
the extremely acidic environment is toxic to OC cells
in vitro. Therefore, direct observation of absorbance
values provides a more accurate assessment of cell
viability. Upon treating the cells with miR497, miR497-
HENPs, TP, TP-HENPs and miR497/TP-HENPs, the
absorbance values all showed a significant decline
except for the miR497 group. We also discovered
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that the absorbance values of the TP, TP-HENPs and
miR497/TP-HENPs groups were consistently lower
than 0.4, and the miR497/TP-HENPs group inhibited
tumor cell proliferation and exhibited maximum cel-
lular toxicity (Additional file 1: Figure S10). Conse-
quently, TP and miR497 were released rapidly under
an acidic environment, showing a powerful antitumor
effect in a shorter time period.

Next, the calcein AM staining test was performed
to assess the viability of SKOV3-CDDP and SKOV3
cells. Obviously, green fluorescence (lives cells) in the
control group and free miR497 group were both super-
bright, indicating that miR497 alone will not damage
cells in vitro. Although treatment with miR497-HENPs
caused some cell death, the least obvious green fluo-
rescence was found in the miR497/TP-HENPs group
(Fig. 4A), and the fluorescence intensity was quantified
(Additional file 1: Figure S11A, B), consistent with the
results of the CCK-8 assay.

Finally, the therapeutic efficiency of miR497/TP-
HENPs was further confirmed by the Annexin V FITC/
PI double staining assay. As shown in Fig. 4B and quan-
tified in Fig. 4C and D, the cell apoptosis ratios of both
types of OC cells treated with miR497/TP-HENPs
(SKOV3-CDDP, 51.8+1.7% and SKOV3, 50.5+3.2%)
were significantly higher than those of OC cells treated
with the TP-HENPs (SKOV3-CDDP, 38.5+1.5% and
SKOV3, 37.7£1.1%) and the miR497-HENPs (SKOV3-
CDDP, 23.7 £ 1.0% and SKOV3, 22.8 £1.9%).

Overactivation of PI3K/AKT/mTOR signaling may
cause tumors to acquire chemotherapy resistance [21,
54]. In approximately three-quarters of epithelial OCs,
the mTOR pathway is hyperactivated, leading to tumo-
rigenesis and chemoresistance [55]. Therefore, whether
miR497/TP-HENPs overcome OC drug resistance
mediated by the inhibition of the PI3K/AKT/mTOR
signaling pathway was investigated. As illustrated in
Fig. 4E, dephosphorylation of p-PI3K, p-AKT and
p-mTOR protein was detected in these experimen-
tal groups, including SKOV3-CDDP and SKOV3 cells
treated with miR497-HENPs, free TP, TP-HENPs and
miR497/TP-HENPs but not in the PBS and free miR497
groups. The above results indicate that hybrid exosomes
and liposomes and the combination of miR497 and TP
improved the cellular uptake of drug-loaded nanovesi-
cles and exerted anticancer effects by downregulating
the PI3K/AKT/mTOR signaling pathway.

(See figure on next page.)

Fig. 4 The combination of miR497and TP overcomes chemotherapy resistance in OC in vitro. A Images of the positive cells with calcein-AM
staining. B Apoptotic SKOV3-CDDP and SKOV3 cells were analyzed by FCM after 48 h of treatment with different drugs in vitro. C, D Quantitative
percentages of apoptotic cells in two ovarian cancer cell lines. E Western blotting images showed the expression levels of proteins of the PI3K/AKT/
mTOR signaling pathway. The data are expressed as the mean £ SD (ns: p>0.05, *p <0.05, **p <0.01, **p<0.001)
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miR497/TP-HENPs boost intracellular ROS and induce M2
to M1 polarization of macrophages

TP promoted OC cell apoptosis by inducing the sig-
nificant production of ROS. Zhang’s study showed that
cisplatin-resistant OC cells tended to maintain high lev-
els of GSH regardless of ROS reduction [56], suggesting
that increased GSH may be related to the chemoresist-
ance of tumors [57]. Therefore, boosting ROS generation
and consuming GSH is a potential treatment strategy
for drug-resistant OC. First, SKOV3-CDDP cells were
treated with PBS, miR497, miR497-HENDPs, TP, TP-
HENPs and miR497/TP-HENPs. Then, the ROS detec-
tor 2,7-dichlorodihydrofluorescein (DCF) was used to
assess the production of ROS by measuring the fluores-
cence intensity. The fluorescence intensity of miR497/
TP-HENPs was the highest among all treatment groups,
including improved fluorescence intensity of TP and TP-
HENPs. However, the fluorescence intensities of miR497
and miR497-HENPs were basically not different from
that of the control group (Fig. 5A, B). Next, we measured
the hypoxia-inducible factor a (HIF-«) protein by WB
assay to explore whether the nanoparticles could allevi-
ate the effects of hypoxia. We found that the expression
of HIF-a was significantly downregulated in the miR497/
TP-HENPs group (Fig. 5C). Finally, the results of the
intracellular GSH showed no difference in the miR497
and miR497-HENPs groups compared with the con-
trol group. It is worth mentioning that the miR497/TP-
HENPs group had the lowest level of GSH (12% of the
control group) compared with the TP and TP-HENPs
groups (46% and 26% of the control group, respectively)
in SKOV3-CDDP (Fig. 5D).

Tumor-associated macrophages (TAMs) have a signifi-
cant role in cancer growth, progression, metastasis and
angiogenesis. M1 macrophage polarization is a prereq-
uisite for macrophage-based antitumor activity [58]. We
induced RAW?264.7 macrophages to differentiate into
M2 macrophages by interleukin-4 (IL-4), treated them
with different drugs, and then observed the regulatory
effects of miR497/TP-HENPs on macrophages. ELISA
was used to assess the changes in tumor necrosis factor-«
(TNF-a) and transforming growth factor-p1 (TGF-B1) in
cell supernatants. The results revealed that TNF-a was
upregulated fivefold and TGF-B1 was decreased fourfold
in the miR497/TP-HENPs group compared with the con-
trol group (Fig. 5E, F). Having investigated the polariza-
tion of M2 macrophages to M1 macrophages by FCM,
we found that miR497/TP-HENPs promoted M1 mac-
rophages most significantly, where the ratio of M1/M2
macrophages was 1.5 and that of the control group was
0.4 (Fig. 5G-I).

These above results implied that miR497 alone has no
influence on the balance of ROS and GSH or conversion

Page 10 of 22

of macrophage phenotypes unless combined with TP.
Therefore, we speculate that miR497 may enhance the
antitumor effect of TP. In summary, miR497/TP-HENPs
effectively induced tumor cell death by rebalancing intra-
cellular GSH and ROS in tumor cells and upregulating
M1 macrophage polarization, thus providing two adju-
vant pathways to overcome OC drug resistance.

miR497/TP-HENPs effectively inhibit the growth

of cisplatin-resistant OC subcutaneous tumors in vivo

To evaluate the therapeutic potential of miR497/TP-
HENPs in cisplatin-resistant OC in vivo, we established
BALB/c-nu mice bearing subcutaneous SKOV3-CDDP
tumors. In vitro experiments demonstrated that HENPs
could target tumor cells, and thus, whether prepared
nanoparticles have excellent targeting ability in vivo was
investigated. An in vivo imaging apparatus was used to
evaluate the tumor-targeting effect of HENPs in vivo.
The free fluorescent dyes Dir, Dir liposomes (Dir Lipo)
and Dir HENPs were intravenously injected into tumor-
bearing nude mice and imaged by in vivo imaging at
different times. We observed strong Dir fluorescence in
the tumor sites but less Dir fluorescence in normal sites
after administering Dir HENPs at 4 h, which lasted for
48 h. However, in both the free Dir group and Dir Lipo
group, fluorescence accumulated in normal organs,
and little fluorescence was detected in the tumor sites
(Fig. 6A, C). Afterward, the mice were euthanized; sub-
cutaneous tumors, hearts, livers, spleens, kidneys and
lungs were harvested; and the intensity of Dir was meas-
ured. The fluorescence distributions in organs revealed a
marked reduction in the hepatic and splenic accumula-
tion of HENPs. HENPs exhibited better tumor accumula-
tion than Dir Lipo and free Dir based on qualitative and
quantitative data (Fig. 6B, D). These results showed that
the majority of Dir HENPs were taken up by OC cells,
whereas normal tissues showed minimal Dir HENPs
uptake. These results presented a potent argument for
miR497/TP-HENPs to exert antitumor effects in vivo.

In vivo experiments usually use miRNA agomirs, which
are specifically chemically modified to improve the sta-
bility of miRNAs and their ability to resist RNA enzymes.
However, we prepared hybrid nanoparticles HENPs char-
acterized by multitargeting capability, valid miR497 pro-
tection and low clearance by MPS. These advantages of
nanoparticles allowed specific delivery of miR497 to the
tumor site. In vivo experiments, we chose the miR497
agomir in miR497 group and naked miR497 in miR497-
HENPs group and miR497/TP-HENPs groups. We
investigated the antitumor efficacy of miR497 and TP
coencapsulated by HENPs in vivo. First, in line with our
in vitro experiments, the tumors were smaller in size in
all treatment groups than in the control group (Fig. 6E).
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Fig. 5 miR497/TP-HENPs boost intracellular ROS and induce M2 to M1 polarization of macrophages. A ROS in SKOV3-CDDP cells. Scale bar: 50 um.
B Quantitative analysis of ROS in SKOV3-CDDP cells by FCM. C Analysis of the expression of HIF-a using WB assay. D GSH quantity in SKOV3-CDDP
cells. E, F Cell supernatant levels of TNF-a and TGF-1 in different treatment groups of RAW264.7 macrophages. G, H FCM analysis of the expression
of M1 macrophage markers (F4/80 + CD86 +) and quantitative analysis of the MFI of PE-CD86. I The ratio of M1/M2 subtype macrophages treated
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The tumor volume was the smallest (average volume of
107427 mm?®) and the tumor suppression rate (87%)
was the highest in the miR497/TP-HENPs group. These
results indicate that the codelivery of miR497 and TP
exhibited a superior antitumor effect (Fig. 6F, G). In the
histological analysis, hematoxylin and eosin (H&E) stain-
ing results showed that the maximal quantity of apoptotic
cells in cisplatin-resistant OC was present in the miR497/
TP-HENPs group. Moreover, terminal deoxynucleoti-
dyl transferase dUTP nick-end labeling (TUNEL) stain-
ing displayed a significantly increased number of green
fluorescence-positive apoptotic cells in the miR497/
TP-HENPs group (Fig. 6H). We explored the antitumor
mechanism of the observed effects. First, immunohis-
tochemical (IHC) staining results confirmed that the
miR497/TP-HENPs group had decreased expression of
the proliferation-related protein ki67. Activation of the
PI3K/AKT/mTOR signaling pathway was also examined
by IHC, and the findings were consistent with the results
of the in vitro experiments. Each drug treatment group
exhibited a distinct extent of signaling pathway inhibi-
tion, with the miR497/TP-HENPs group showing the
strongest level of suppression (Fig. 61).

Next, we assessed the level of ROS in tumor tissues.
The results in Fig. 7A show that treatment with miR497/
TP-HENPs caused the most obvious green fluorescence
of DCF (high ROS). We also observed that miR497
alone did not induce a significant change in DCF (low
ROS) compared with the control group. However, once
miR497 was combined with TP, green fluorescence
was clearly enhanced, and these results were in agree-
ment with our in vitro experiments. Finally, we inves-
tigated the activation of the intrinsic immune system
by detecting changes in the cytokines TNF-a and TGE-
B1 in blood samples and assessing the polarization of
macrophages. We observed that TP elevated TNF-a
while decreasing TGF-p1. Moreover, HENPs-encap-
sulated TP further promoted the above effects, which
were even more pronounced after combination with
miR497 (Fig. 7B, C). Regarding macrophage polariza-
tion, immunofluorescence showed a significant num-
ber of M2 macrophages (F4/80+ CD206 +) and almost
no M1 macrophages (F4/80+ CD86+) in the control,
miR497 and miR497-HENPs groups. However, the
opposite results were observed in the TP-containing
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treatment group. The ratios of M1 macrophages to M2
macrophages in mice treated with TP-HENPs were
higher than those in mice treated with free TP. Remark-
ably, the miR497/TP-HENPs group had the highest
number of M1 macrophages compared with the other
treatments. These results showed that TP upregulated
the polarization of M1 macrophages, and the polariza-
tion effect was enhanced when miR497 was combined,
which due to that miR497 may enhance the antitumor
properties of TP (Fig. 7D).

The remarkable ability to target tumors ensured that
the therapeutic effect of the biointelligent HENPs group
was superior to that of the free drug group. Moreover,
the miR497/TP-HENPs group showed the most pro-
nounced inhibition of tumor growth, indicating that
coloaded chemotherapeutic agents improve antitumor
efficiency. In summary, the in vivo experiments showed
that miR497/TP-HENPs effectively overcame drug
resistance in OC.

Safety of miR497/TP-HENPs in vivo

To assess the safety of the miR497/TP-HENPs nanoplat-
form in vivo, we measured and recorded the changes in
mouse body weight in all treatment groups throughout
the entire trial. The body weight of mice in most groups
exhibited no significant change (average body weight,
18.44+0.07 g), except for those of the free TP group
(17.3+0.22 g) and the control group (19.6+0.42 g). The
decrease in mouse body weight in the free TP group
contributed to the systemic toxicity of free TP, while
uncontrollable growth of tumors in the control group
resulted in an increase in mouse body weight (Fig. 8A).
Furthermore, we also found that the levels of ALT, AST,
LDH, CREA and UREA of all treatment groups were at
a lower level, but those of the free TP group were all at a
higher level (Fig. 8B—F), indicating the hepatotoxicity and
nephrotoxicity of free TP. In addition, we further ana-
lyzed the histomorphological changes in the main organs
of the tumor-bearing mice in various treatment groups.
Similarly, only the free TP group showed liver and kid-
ney damage, whereas all other groups did not display tis-
sue injury (Fig. 8@G). These results confirmed that HENPs
have the ability to reduce the side effects of free drugs in
normal organs via less toxic delivery materials.

(See figure on next page.)

p-mTOR. Scare bar: 100 um

Fig. 6 The targeting and antitumor activity of miR497/TP-HENPs in vivo. A In vivo imaging to observe the tumor targeting ability of different
nanoparticles. B Ex vivo fluorescence images of the main organs and tumors isolated from mice bearing subcutaneous SKOV3-CDDP tumors.

C Quantitative analysis of Dir distribution in the tumor site postinjection elevated by the fluorescence intensity measured in (A). D Quantitative
assessment of the mean fluorescence intensity in major organs and isolated subcutaneous tumors. E Representative photographs of subcutaneous
tumors harvested from all treatment groups. F Growth record curves of subcutaneous tumors in nude mice during the experiment. G The inhibition
rate of OC treated with various drugs. H The H&E staining and TUNEL staining. I Immunohistochemical detection of ki67, p-PI3K, p-AKT, and
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Conclusion

The extreme susceptibility of OC cells to develop resist-
ance to the chemotherapeutic drug cisplatin remains a
formidable obstacle in OC treatment. miR497 and TP are
promising in overcoming drug resistance in OC. How-
ever, the application of these two agents was hindered
by the low transcriptional efficiency of miR497 and seri-
ous systemic toxicity and weak water solubility of TP. To
solve the above dilemma, we synthesized hybrid nano-
particles to deliver miR497 and TP. Ideal drug delivery
systems (DDSs) are characterized by excellent biocom-
patibility, prolonged circulation in the blood, nonremoval
by the mononuclear phagocyte system (MPS) and precise
targeting of the tumor site for the rapid release of drugs
[43]. According to the present study, the low loading rate,
toxicity and induced immune response of nanocarriers
still hinder the further development of DDSs [59].

In our study, we constructed bioinspired hybrid
nanoparticles named miR497/TP-HENPs that fused
liposomes and exosomes and coencapsulated both chem-
otherapy agents TP and miR497. The designed nano-
particles successfully overcome the chemotherapeutic
resistance of OC in vitro and in vivo. miR497/TP-HENPs
are characterized by a nanoparticle size, high drug encap-
sulation efficiency and nucleic acid protection and are
capable of existing stably and continuously releasing TP
and miR497. The appropriate particle size and dual active
targeting, including homologous targeting and cRGD
targeting, ensure effective accumulation of the hybrid
miR497/TP-HENPs at tumor sites. It is worth emphasiz-
ing that hybrid nanocarriers specifically block the PI3K/
AKT/mTOR signaling pathways in OC cells. Addition-
ally, they can reduce the level of intracellular GSH and
increase ROS, thereby destroying the normal cell micro-
environment and causing tumor cell death. Finally, the
nanoparticles upregulate M1 macrophage polarization
to inhibit OC progression. In general, TP, miR497, ROS
and M1 macrophages all work together to overcome drug
resistance in OC. This hybrid nanoparticle has a wide
range of uses and very low toxicity to normal tissues.

Our findings reinforce the concept that combining TP
with miR497 achieves better clinical effects, and nano-
particle encapsulation tackles the dilemma of chemother-
apy drugs. We believe that this work will be a promising
candidate to overcome cisplatin resistance in OC.
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Experimental section

Materials and methods

Materials and cells
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-carboxy (polyethylene glycol)-1000 (DSPE-PEG,,-
COOH) and cRGD peptide were purchased from Meiluo
Technology (Shenzhen, China). Phosphatidylcholine (PC)
and cholesterol were acquired from Ponsure Biotech-
nology (Shanghai, China). Cisplatin, calcium chloride
(CaCl,) and 4-(2-hydroxyethyl)-1-piperazineetha-nesul-
fonic acid (HEPES) were obtained from Sigma-Aldrich.
Triptolide (purity>99.8%) was obtained from Chengdu
Must Biotechnology (Sichuan, China). miR497-5p (5'-
CAGCAGCACACUGUGGUUUGU-3),  micrONTM
mimic Negative Control #22 and Cy5-miRNA (Cy5-
miRNC) were purchased from Ribo-Bio Biotechnology
(Guangzhou, China). 4,6-Diamidino-2-phenylindole
(DAPI) and Hoechst 33,342 were obtained from the
Beyotime Institute of Biotechnology (Jiangsu, China).
Zombie-apc-cy7, anti-F4/80-BV421, anti-CD86-PE and
anti-CD206-APC were purchased from BioLegend (San
Diego, USA). HRP-conjugated secondary antibodies
and FITC were purchased from Servicebio Technology
(Wuhan, China). ELISA kits for tumor necrosis factor-a
(TNF-a) and transforming growth factor-p1 (TGF-f1)
were purchased from Multisciences (Zhejiang, China).
Trypsin —EDTA (0.25%), Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS) and penicil-
lin—streptomycin were obtained from Gibco (USA).

The human ovarian cancer cell line SKOV3, cisplatin-
resistant human ovarian cancer cell line SKOV3-CDDP,
mouse fibroblast cell line L929 and mouse macrophage
cell line RAW264.7 were provided by the State Key
Laboratory of Oncogenes and Related Genes (Shanghai,
China). All cells were cultured in DMEM supplemented
with 10% FBS and 1% penicillin—streptomycin at 37 °C
with 5% (v/v) CO, in a humidified atmosphere.

Gene silencing of CD47 in vitro

SKOV3-CDDP cells were plated in 6-well culture plates
and cultured overnight. Then, cells were transfected
with negative control siRNA as the blank group or CD47
siRNA as the experimental group according to the manu-
facturer’s protocol (Ribo-Bio). The gene silencing effect
of siRNA was quantitated by real-time PCR.

(See figure on next page.)

Fig. 7 miR497/TP-HENPs induced ROS production in cisplatin-resistant OC and regulated macrophage polarization from M2 to M1 in vivo.

A The ROS of tumor sections after treatments. Scale bar: 50 um. B, C Serum levels of TNF-a and TGF-31 in different treatment groups in vivo.
One-way ANOVA was used to determine significant differences; *p < 0.05; **p <0.01, ***p <0.001, compared with the indicated groups. D
Immunofluorescence staining images of different macrophage markers (M1, F4/80 + CD86 + and M2, F4/80 4+ CD206 4) in tumor tissue sections.

Scale bar: 50 um
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Extraction and purification of exosomes

Exosomes were isolated and purified according to our
previous study, and the details are as follows. SKOV3-
CDDP or SKOV3-CDDPg cp4; cells were cultured in
DMEM with 10% exosome-free (SBI) bovine serum
for 48 h. Then, the cell supernatant was collected and
centrifuged at 300 g for 10 min, 2000 g for 10 min and
10,000 g for 30 min to remove residual live cells, dead
cells and cell debris, respectively. Next, the supernatant
was collected and centrifuged at 100,000 g for 70 min at
4 °C to precipitate the exosomes. To purify the exosomes,
the supernatant was washed with PBS and then cen-
trifuged at 100,000 g for 70 min at 4 °C. Ultrafiltration
was performed at 12,000 g for 30 min at 4 °C, followed
by filtration through a 0.22 pm filter to concentrate the
exosomes. PBS-resuspended exosomes were used imme-
diately or stored at — 80 °C.

Synthesis of DSPE-PEG,,-cRGD

Twenty-five milligrams of COOH-PEG,-DSPE, 3 mg
of N-hydroxysuccinimide (NHS) (2 eq) and 5.4 mg of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) (2 eq) were dissolved in a 2 ml mixture
of methanol and chloroform (V/V=1:1) in a round-
bottomed flask, followed by stirring for 4 h at room tem-
perature. Next, a mixture of 1 mL of deionized water
containing 8.2 mg of cRGD (1 eq) peptide and 5 mL of
methanol was added, and the reaction continued for 6 h.
Then, all solutions were removed by spin evaporation,
and the obtained solid was dialyzed in a 500 molecu-
lar retention capacity dialysis bag for 3 days. Finally, the
dialysate was lyophilized to obtain DSPE-PEG,;-cRGD.
The construction of DSPE-PEG;;-cRGD was confirmed
by 'H NMR (500 MHz) spectroscopy, with CDCl, as the
solvent.

Preparation of liposomes

Liposomes were synthesized according to the thin film
method. First, PC/DSPE-PEG,,-cRGD/cholesterol was
mixed in dichloromethane at a molar ratio of 45:5:2 (mol/
mol/mol) [49, 60], vortexed quickly and completely dis-
solved. Next, 1 mL of DEPC water was added and ultra-
sonicated for 3 min at 4 °C (33% amplitude, 2 s pulsed on/
off). Afterward, solvents were vacuum spin evaporated
for 15 min at 37 °C to completely remove the organic
phase. Eventually, the solution was extruded 3 times
through a polycarbonate membrane with a pore size of
200 nm to obtain liposomes.

Preparation of blank HENPs

For blank HENPs, HENPs were synthesized by membrane
fusion technology. One hundred microliters of exosomes
(2 mg mL™!) was mixed with 1 mg of liposomes in a final
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volume of 1 mL, vortexed and sonicated (33% amplitude,
2 s pulsed on/off, for 3 min) for proper mixing. Then, the
mixture was vacuum vortexed for 15 min to completely
remove the organic phase and finally extruded through a
200-nm polycarbonate membrane filter to obtain nano-
sized HENDs.

Synthesis of drug-loaded HENPs (miR497/TP-HENPs)
Liposomes first encapsulated TP and then underwent
membrane fusion with exosomes. Next, a mixture of
miR497 and a CaCl, solution (100 pM) was added.
Finally, HEPES was quickly added to the TP-HENPs/
Ca®*/miR497 solution for 30 min at 4 °C to obtain
miR497/TP-HENPs. The entrapment efficiency (EE%) of
TP and miR497 in all samples was detected by high-per-
formance liquid chromatography (HPLC, Agilent, USA)
and fluorescence spectrophotometry (F2700, Hitachi,
Japan), respectively.

Characterization of nanoplatforms

The surface morphologies of liposomes, exosomes and
HENPs were observed by transmission electron micros-
copy (TEM, JEM-2100, Japan). The particle concentra-
tion and particle size of exosomes were detected by
nanoparticle tracking analysis (NTA, Malvern, UK).
The particle sizes of liposomes and HENPs and the sur-
face potentials of liposomes, HENPs and exosomes were
detected through a Zetasizer IV analyzer (Malvern, U.K.).
Protein quantification of exosomes was performed by the
BCA protein assay kit (Beyotime, Shanghai), and pro-
tein identification was characterized by the WB assay.
Free miR497 and miR497-HENPs were incubated with
10% FBS for 2 h, 6 h, 24 h or 48 h, and then the dis-
tance traveled by miR497 was observed by a gel block
test. Exosomes, liposomes and miR497/TP-HENPs were
diluted with 10% FBS at 37 °C for 7 days to evaluate the
storage stability by measuring the average size and poly-
dispersity index (PDI).

Fluorescence resonance energy transfer study (FRET)

The FRET assay was performed to detect the fusion
efficiency of liposomes and exosomes. FITC acting as
an electron donor and RB acting as an electron accep-
tor were incorporated into the lipid mixture at a molar
ratio of 1:1 (mol/mol), resulting in the formation of FRET
liposomes. For fusion analysis, exosomes and FRET
liposomes were mixed and ultrasonicated for 5 min at
4 °C to initiate fusion. FRET liposomes before and after
fusion of exosomes were analyzed by fluorescence spec-
trophotometry (BioTek Instruments, USA) at an excita-
tion wavelength of 488 nm, and the emission spectra
were measured between 500 and 700 nm. The percent-
age of FRET efficiency was calculated by the following
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equation: % FRET efficiency = (Izg/(Igg+ Igirc)) x 100%,
where Ipz=intensity of emitted fluorescence of the
acceptor (RB) and Ipp-=intensity of emitted fluores-
cence of the donor (FITC).

TP and miR497 release study

The release pattern of miR497 from nanoparticles
was detected by Cy5-labeled control miRNA (Cy5-
miRNC). Cy5-miRNC-HENPs were dissolved in differ-
ent pH solutions (5.5 and 7.4) and sealed in dialysis bags
(MWCO =100,000). These bags were placed into 10 mL
of DEPC water in a centrifuge tube. Additionally, the
equivalent concentration of free Cy5-miRNC was the
control group. TP-HENPs were dissolved in solutions of
different pH values (5.5 and 7.4), sealed in dialysis bags
(MWCO =3500) and placed in 10 mL of PBS solution.
The equivalent concentration of free TP was the control
group. All samples were placed in a shaker and shaken
continuously at 37 °C at 90 rpm/min. At the scheduled
point, 200 pl of solution was removed from each sample
in a centrifuge tube, and the corresponding fresh solu-
tion was added. The fluorescence intensity of Cy5 and
the quantity of TP were measured by fluorescence spec-
trophotometry and HPLC. Then, the release curves were
plotted.

Cellular uptake of RB HENPs

Cellular uptake of rhodamine B (RB) HENPs was exam-
ined by confocal laser scanning microscopy (CLSM,
Olympus, Japan, FV1000) and flow cytometry (FCM,
Becton Dickinson, USA). SKOV3-CDDP and SKOV3
cells were spread in laser confocal dishes at a density
of 5x10* and cultured overnight. On the following
day, cells were incubated with free RB, RB liposomes
(RB Lipo) and RB HENPs (the concentration of RB was
kept at 6 ug mL™') and incubated for 2 h or 4 h. The cell
nucleus was stained with Hoechst 33,342 (5 pg mL™") for
10 min and then photographed under CLSM. Further-
more, after 4 h of treatment with different interventions,
cells were harvested, and intracellular RB was quantified
by FCM. Diverse internalization inhibitors were added
to cells to block specific uptake routes. The fluorescence
intensity of RB was quantified in different treatment
groups with FCM.

CCK-8 assay

For determining the IC50 values, SKOV3-CDDP and
SKOV3 cells were seeded at 5x 10% cells per well in
96-well plates and incubated overnight. After treat-
ment with different drugs for 24 h or 48 h, 100 pl of
DMEM containing 10% cell counting kit-8 (CCK-8,
Yeasen, Shanghai, China) solution was added to each
well and incubated for 1 h at 37 °C. Absorbance values
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were measured by an absorbance spectrophotometer at
450 nm.

Cytotoxicity of blank HENPs

SKOV3-CDDP cells and SKOV3 cells were seeded
at a density of 5x 10 cells per well in 96-well plates.
L1929 cells were seeded at a density of 6 x 10° cells, and
RAW?264.7 cells were plated at a density of 1 x 10* cells
per well in 96-well plates and cultured overnight. Blank
HENPs were added at different concentrations for 24 h,
48 h and 72 h. Cell viability was determined by the
CCK-8 assay.

Apoptosis

SKOV3-CDDP and SKOV3 cells were plated into 6-well
plates at a density of 2 x 10° cells overnight and treated
with PBS, miR497, miR497-HENPs, TP, TP-HENPs and
miR497/TP-HENPs for 48 h. Calcein-AM (10 nM) stain-
ing was applied for 10 min and photographed using
fluorescence microscopy (Olympus IX51, Olympus Cor-
poration, Japan). Cell apoptosis was also detected accord-
ing to the instructions of the Annexin V FITC/PI double
staining kit (Vazyme"', Nanjing). Briefly, the cells were
washed three times, resuspended in 200 pl of binding
buffer, combined with 5 pl of Annexin V FITC and PI,
stained for 15 min at room temperature, protected from
light, and subsequently analyzed by FCM.

Western blot

To examine the expression of the proteins in both cell
lines, SKOV3-CDDP and SKOV3 cells were seeded at
2 x 10° cells per well in 6-well plates and cultured over-
night. The two cell lines were treated with PBS, miR497,
miR497-HENPs, TP, TP-HENPs and miR497/TP-HENPs
for 48 h. Then, 150 ul RIPA buffer (Sigma—Aldrich) was
added and lysed on ice for 5 min. The lysate was collected
and centrifuged at 12,000 g for 15 min at 4 °C. The pro-
tein content in the supernatant was quantified by a BCA
protein assay kit. Protein samples were separated by
SDS—-PAGE and transferred to PVDF membranes, and
the membranes were blocked with 5% blocking buffer
for 1 h and then incubated overnight at 4 °C with the fol-
lowing primary antibodies: anti-calnexin, anti-TSG101,
anti-CD9, anti-CD47, anti-GAPDH, anti-PI3K, anti-p-
PI3K and anti-mTOR (purchased from Abcam) and anti-
p-mTOR, anti-AKT, anti-p-AKT and HIF-a (obtained
from CST). The membranes were washed three times,
and then at room temperature, the secondary antibody
was incubated for 1 h. All strips were visualized using a
Bio—Rad Imaging System (Bio—Rad, USA).
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GSH quantity and cellular ROS

SKOV3-CDDP cells were spread in 6-well culture plates
and cultured overnight. The next day, different drugs
were added and treated for 48 h. Finally, the total GSH in
the cells was detected by a GSH assay kit according to the
manufacturer’s instructions (Beyotime, Jiangsu). After
adding 2,7-dichlorodihydrofluorescein-diacetate (DCFH-
DA), fluorescence microscopy was used for imaging, and
FCM was used to quantify the fluorescence intensity of
2,7-dichlorodihydrofluorescein (DCF), a detector of ROS.

Regulation of macrophage polarization

To investigate the regulatory effect of TP on macrophage
repolarization, 5x 10° RAW264.7 macrophages were
plated on six-well plates and cultured overnight. The fol-
lowing day, interleukin-4 (IL-4, 40 ng mL™') was added
to induce macrophage polarization to M2 macrophages.
Then, the cells were treated with PBS, miR497, TP,
TP-HENPs and miR497/TP-HENPs for 24 h. Finally,
harvested cells were stained with zombie-apc-cy7,
anti-F4/80-BV421, anti-CD86-PE and anti-CD206-
APC, followed by quantitative analysis by FCM. ELISA
was used to detect TNF-a and TGF-B1 concentrations
in the cell supernatant according to the manufacturer’s
instructions.

Establishment of mice bearing subcutaneous SKOV3-CDDP
tumors

All animal experiments were performed in accordance
with the guidelines and were evaluated and approved
by the Committee of the Shanghai Cancer Institute. The
mouse subcutaneous tumor model was used to assess
the inhibitory effect of miR497/TP-HENPs on cisplatin-
resistant OC. Healthy female 4- to 6-week-old BALB/c-
nu mice weighing 18+0.85 g were obtained from
Shanghai Slack Laboratory Animals Co. Ltd. (Shanghai,
China). Briefly, approximately 2 x 10’ SKOV3-CDDP
cells were resuspended in 100 pl of PBS and injected sub-
cutaneously into the right axilla of nude mice. Then, the
tumor volumes of the mice were measured (the formula
for calculating the volume of the tumor was V=a x b2 /2,
where a represents the length and b is the width).

Targeting of Dir HENPs in vivo

When the subcutaneous tumor volume reached approxi-
mately 500 mm?, the fluorescent dye Dir (Yeasen, Shang-
hai, China) was loaded into nanoparticles to obtain Dir
liposomes (Dir Lipo) and Dir HENPs. Free Dir, Dir Lipo
and Dir HENPs (Dir, 0.5 mg kg™!) were injected into
mice (n=23) via the tail vein, and the distribution of Dir
was observed by an in vivo imaging apparatus (Berthold
Technologies, Germany) at preset time points (2 h, 4 h,
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8 h, 24 h and 48 h). Forty-eight hours after injection,
major organs and subcutaneous tumors were harvested
and observed by an in vivo imaging apparatus.

In vivo anticancer effect

When the subcutaneous tumor volume reached approxi-
mately 100 mm?, the tumor-bearing mice were randomly
divided into six experimental groups of six mice each.
The corresponding treatments of PBS, miR497, miR497-
HENPs, TP, TP-HENPs and miR497/TP-HENPs (TP,
0.2 mg kg!, miR497, 250 nmol kg~') were administered
once every three days for one month via the tail vein, and
the volume of tumors and body weight of the mice were
measured before each administration. Before the mice
were sacrificed, whole blood was collected, and liver and
kidney function-related indicators were measured using
biochemical assay kits. Additionally, the immune-related
indicators TNF-a and TGF-B1 were detected by ELISA.
Subcutaneous tumors were collected for hematoxylin and
eosin (H&E) staining, terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL) assay, immu-
nohistochemical (IHC) staining assay, ROS staining and
macrophage polarization evaluation. The main organs
(heart, liver, spleen, lungs and kidneys) were harvested
for H&E staining.

Histology analysis of tumors

For H&E staining and TUNEL staining. OC tumors were
fixed in formaldehyde solution, followed by staining with
an H&E or TUNEL kit. All slices were observed and
imaged by fluorescence microscopy.

For immunohistochemistry. Tumors were fixed in for-
maldehyde solution, and then sections were incubated
with primary antibodies overnight at 4 °C. Next, the cells
were washed with PBS and incubated with secondary
antibodies. Finally, all slices were stained with hematoxy-
lin and imaged by microscopy.

For ROS staining. Tumors were frozen at—20 °C and
fixed in acetone. Then, the tumor slices were incubated
with DCFH-DA for 1 h and stained with DAPI for 10 min.
All slices were imaged by fluorescence microscopy.

For the polarization of macrophages. Tumors were
fixed and then incubated with primary antibodies against
F4/80, CD86, and CD206 overnight at 4 °C, washed with
PBS and incubated with secondary antibodies. Finally,
the tumor slices were stained with DAPI, and images
were captured by fluorescence microscopy.

Statistical analysis

Experimental data are presented as the mean = standard
deviation (mean 4= SD) and were analyzed by the independ-
ent t test for comparisons between two groups or one-way
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analysis of variance (ANOVA) for comparisons among
three or more groups with GraphPad Prism software 8.0.
p<0.05 was considered to be a statistically significant dif-
ference (ns: p>0.05, *p<0.05, *p<0.01, **p<0.001).
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