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Abstract: Ovarian cancer (OC) is the most lethal reproductive system cancer and a leading cause of cancer-related death. The high
mortality rate and poor prognosis of OC are primarily due to its tendency for extensive abdominal metastasis, late diagnosis in
advanced stages, an immunosuppressive tumor microenvironment, significant adverse reactions to first-line chemotherapy, and the
development of chemoresistance. Current adjuvant chemotherapies face challenges such as poor targeting, low efficacy, and significant
side effects. Targeted drug delivery systems (TDDSs) are designed to deliver drugs precisely to the tumor site to enhance efficacy and
minimize side effects. This review highlights recent advancements in the use of TDDSs for OC therapies, including drug conjugate
delivery systems, nanoparticle drug delivery systems, and hydrogel drug delivery systems. The focus is on employing TDDS to
conduct direct, effective, and safer interventions in OC through methods such as targeted tumor recognition and controlled drug
release, either independently or in combination. This review also discusses the prospects and challenges for further development of
TDDSs. Undoubtedly, the use of TDDSs shows promise in the battle against OCs.
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Introduction

Among gynecological malignancies, ovarian cancer (OC) has the highest mortality rate and the poorest prognosis. ' The latest
statistics indicate that in 2022, there were 324,398 new cases and 206,839 deaths worldwide.® Of these, 61,100 new cases and
32,600 deaths occurred in China.* It is estimated that there will be approximately 19,680 new cases and 12,740 cancer-related
deaths in the United States in 2024.° Invasive epithelial ovarian cancer (EOC) is a heterogeneous disease, with high-grade
serous ovarian carcinoma (HGSOC) being the predominant cancer type.® Debulking surgery and adjuvant chemotherapy
remain the mainstays of treatment for OC.? Clinically, OC is often characterized by a trio of concerning statistics, commonly
referred to as the “three 70%": Firstly, 70% of patients receive their diagnosis at an advanced stage. Secondly, after undergoing
treatment, 70% of patients experience a disease recurrence. Lastly, 70% of patients ultimately succumb to the disease.

In recent years, researchers have continuously sought to innovate drugs, explore drug combinations, alter routes of
administration, and improve pharmacokinetics. Although novel antitumor drugs have been developed, most are unable to
accurately distinguish between normal and tumor cells, leading to significant side effects.” Efficacy and efficiency can be
significantly improved by applying appropriate carriers, dosage forms, and routes of administration. Currently, drug delivery
technology is advancing rapidly due to developments in medicine, pharmacy, nanoscience, and biomaterials. The distribution
of drugs within an organism is regulated in terms of space, time, and dose through this method. It has demonstrated
outstanding outcomes in controlled drug release, drug stability, and biocompatibility. A targeted drug delivery system
(TDDS) is a device that enables the effective delivery of active pharmaceutical ingredients to the targeted site to achieve
therapeutic effects. In recent years, there have been tremendous advances in TDDSs applied to OC, which can be classified
into drug conjugate delivery systems, nanoparticle (NP) drug delivery systems (NDDS), and hydrogel drug delivery systems
according to their materials. Figure 1 depicts a schematic of the TDDSs targeting OCs and generating efficacy.
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Figure | A schematic of the TDDSs targeting OCs and generating efficacy. Created by BioRender. com.

Clinically, the high mortality and poor prognosis of OC can be attributed to a multitude of factors. TDDS emerges as
a promising therapeutic strategy. Firstly, in contrast to cervical and uterine cancers, OC is particularly susceptible to extensive
abdominal implantation metastasis due to the ovaries’ deep pelvic location and the lack of a substantial peritoneal covering.
Moreover, due to the insidious onset and atypical symptoms, OC is typically diagnosed in the advanced or metastatic stage,
which presents a challenge to debulking surgery. In this procedure, residual tumor cells that remain after surgery serve as the
“seeds* for the subsequent recurrence. However, TDDSs have the potential to enhance drug delivery directly to the tumor
site, especially targeting these residual cells. By leveraging the unique characteristics of the tumor microenvironment (TME)
and tumor cell targets, researchers can design drug carriers with precise physicochemical properties or configurations,
ensuring more accurate and specific delivery of therapeutic agents to tumor tissues. Concurrently, OC exhibits an immuno-
suppressive TME, rendering it particularly susceptible to recurrence. In response, numerous TDDSs focus on simultaneously
delivering immune adjuvants and cytotoxic drugs to not only eradicate tumor cells but also to reverse the immune-
suppressive TME, thereby converting immunologically “cold” tumors into hot” ones. Additionally, the first-line chemother-
apy regimens for OC, namely platinum and paclitaxel, are frequently associated with severe side effects like third-degree
myelosuppression, leading to chemotherapy delay or non-completion. Such interruptions allow residual tumor cells to
proliferate, triggering recurrence. TDDSs, by concentrating drugs at the tumor site while minimizing exposure to normal
tissues, can mitigate these adverse effects. This strategy not only improves the quality of life but also enhances patient
compliance and reduces the incidence of treatment delays and discontinuation. Furthermore, as the number of recurrence-
related chemotherapy treatments increases, patients gradually develop acquired resistance to chemotherapeutic drugs,™®
which further leads to a poorer prognosis and higher mortality rate. Nevertheless, several current TDDS targets are also novel
therapeutic targets for tumors. The targeted attachment of specific antibodies and small molecule drugs to these targets
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facilitates precise drug delivery, while also offering tumor inhibitory functions. The innovative strategy of combining drugs
may show great potential for acquired drug-resistant tumor cells. These underscore the potential of TDDSs to significantly
impact the treatment landscape of OC, offering a beacon of hope for improving patient outcomes.

Recent advancements regarding the application of TDDSs for the treatment of OC, include drug conjugate delivery
systems, NDDSs, and hydrogel drug delivery systems, are highlighted in this review, with an emphasis on how each
system achieves efficient tumor-targeted drug delivery. Additionally, we discuss the clinical translation potential and
development prospects of these systems. An overall schematic of this review is shown in Figure 2.

Drug Conjugate Delivery Systems
Antibody—drug Conjugates

Antibody drugs represent a rapidly expanding class of therapeutics, with numerous approved for therapeutic use and
many more in development.” Antibody—drug conjugates (ADCs) represent a revolutionary class of targeted drugs that
integrate highly specific monoclonal antibodies (mAbs) with the potent activity of small molecule cytotoxins. This
combination aims to improve the on-target effects of antitumor agents while reducing their side effects.'®'? The antibody
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Figure 2 An overall schematic of this review. Created by BioRender.com.
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component provides precision targeting, while the small molecule cytotoxic drug provides most of the toxicity. The
antibody component itself can also contribute to toxicity. mAbs and cytotoxic drugs are connected by a linker. The
conjugate enters the cells via a receptor-mediated endocytosis pathway once the mAb binds to the target antigen receptor
on the tumor cell surface. Then, the ADC is transported to the lysosome for degradation, releasing a cytotoxic toxin that
damages DNA or prevents tumor cell division, ultimately resulting in cell death. As an emerging therapeutic candidate
for OC, ADCs have been vigorously developed and have progressed into multi-stage clinical trials (Tables 1 and 2). The
development of ADCs affords new opportunities for OC therapy.

FRa-ADC

There are three major subtypes of the folate receptor (FR): FRa, FRp, and FRy. FRa is a transmembrane cell surface
protein that transfers folate unidirectionally into the cell.'**'* Compared to its limited distribution in normal cells, FRa
is overexpressed specifically in many epithelial tumor cells, including OC cells.'® Clinically, FRa is overexpressed in
85-90% of OCs, and FRa expression is positively related to the histological grade.'® Therefore, FRa has become
a widely researched therapeutic target for the treatment of OC.'> Many studies have been conducted to develop ADCs
based on FRa targets.

Mirvetuximab soravtansine (MIRV) is the sole approved ADC by the Food and Drug Administration (FDA) for
platinum-resistant epithelial OC (PROC) treatment and has demonstrated promising results.'” MIRV is formed by the
combination of a mAb against FRa and the microtubule inhibitor maytansinoid DM4 (DM4). MIRV showed promising
anticancer efficacy and satisfactory tolerability and security in PROC patients with high FRa expression in the single-arm
Phase III SORAYA trial (NCT04296890).18 A recent global, validated, randomized, controlled phase III trial, the
MIRASOL study (NCT04209855), showed that MIRV treatment was superior to chemotherapy for progression-free
survival (PFS), overall survival (OS) and objective remission rate (ORR) in FRa-positive PROC patients.lg Compared
with chemotherapy, MIRV significantly improved long-term survival in patients with FRa-overexpressing PROC; it also
decreased the incidence of disease progression by 35% (median PFS: 5.62 vs 3.98 months, hazard ratio (HR) =0.65,
P<0.0001), and the risk of all-cause mortality by 33% (median OS: 16.46 vs 12.75 months, HR=0.67, P=0.0046).
Additionally, MIRV improved patient PFS2 and reduced the risk of secondary disease progression by 37% (PFS2: 11.04
vs 8.05 months, HR=0.63). MIRV improved the ORR significantly compared to chemotherapy. The MIRV group had an
ORR of 42.3%, while the chemotherapy group had an ORR of 15.9%. The most common toxicities of MIRV are ocular
toxicity and gastrointestinal toxicity. Compared with chemotherapy, MIRV had a superior safety profile, with a lower
incidence of adverse events rated as grade 3 or higher, serious adverse events of any grade, and discontinuation rates
(41.7% vs 54.1%, 23.9% vs 32.9%, and 9.2% vs 15.9%, respectively), as well as significantly reduced risk of
hematological events. Currently, ongoing clinical trials are evaluating the effectiveness of MIRV in OC patients,
including a phase III clinical trial in platinum-sensitive OC (PSOC) patients with high FRa expression

Table | ADCs in Ovarian Cancer

ADCs Target | Linker Payload
MIRV FRa Cleavable disulfide linker DM4
MORAb-202 | FRa Cathepsin B-cleavable linker Eribulin
STRO-002 FRa Protease-labile Val-Cit-PABA SC209
LIFA NaPi2b | Protease-labile linker MMAE
UpRi NaPi2b | Protease-labile linker AF-HPA
BAY 94-9343 | MSLN Reducible disulphide bond DM4
BMS-986148 | MSLN Valine-citrulline linker Tubulysin
T-DXd HER2 Lysosomal cathepsins-cleavable tetrapeptide linker | DXd

Abbreviations: ADCs, antibody-drug conjugates; DM4, maytansinoid DM4; Eribulin, eribulin mesylate;
SC209, 3-aminophenyl hemiasterlin;, MMAE, monomethyl auristatin E; AF-HPA, auristatin
F-hydroxypropylamide; DXd, deruxtecan.
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Table 2 Clinical Trials of ADCs in Ovarian Cancer

ADCs ClinicalTrials.gov Identifier Phase Disease Criteria
MIRV NCT04296890 Phase Ill (completed) HGSOC, platinum-resistant, high FRo expression
NCT04209855 Phase Il (active, not recruiting) HGSOC, platinum-resistant, high FRo expression
NCT05445778 Phase Il (recruiting) HGSOC, platinum-sensitive, high FRo expression
NCT05887609 Phase Il (recruiting) HGSOC or endometrioid EOC, platinum-sensitive,
high or medium FRa expression
NCT046069 14 Phase Il (recruiting) Newly diagnosed HGSOC, high FRa expression
MORAb-202 NCT03386942 Phase | Solid Tumors
NCTO05613088 Phase Il (recruiting) HGSOC, platinum-resistant
STRO-002 NCT05870748 Phase Il (recruiting) HGSOC, platinum-resistant, positive FRa expression
LIFA NCTO01991210 Phase Il (terminated) EOC, platinum-resistant
UpRi NCTO03319628 Phase Il (active, not recruiting) HGSOC, platinum-resistant
NCTO05329545 Phase Il (terminated) HGSOC, platinum-sensitive
NCT04907968 Phase | (terminated) HGSOC, platinum-sensitive
BAY 94-9343 NCTO01439152 Phase | (completed) Advanced Solid tumors
NCTO0358731 | Phase Il (active, not recruiting) HGSOC or high-grade endometrioid EOC,
platinum-sensitive
BMS-986148 NCT02341625 Phase I/lla (terminated) Advanced solid tumors
T-DXd NCT04482309 Phase Il (active, not recruiting) Advanced solid tumors

Abbreviations: ADCs, antibody-drug conjugates; HGSOC, high-grade serous ovarian carcinoma; EOC, epithelial ovarian cancer.

(NCTO05445778) and Phase II clinical trials in recurrent PSOC patients (NCT05887609) and newly diagnosed and
advanced serous OC patients with high FRa expression (NCT04606914).

Additionally, several other ADCs that target FR o with promising clinical efficacy are currently under evaluation for
OC treatment. Examples include farletuzumab ecteribulin (MORAD-202) and luveltamab tazevibulin (STRO-002), both

of which are undergoing phase II clinical trials.

NaPi2b-ADC
Sodium-dependent phosphate transport protein 2b (NaPi2b), which is encoded by SLC34A2, is responsible for intestinal

phosphate absorption.?’*! In OC and non-small cell lung cancer (NSCLC), NaPi2b expression is upregulated in tumors
compared to normal tissues.”? >* Currently, various ADCs targeting NaPi2b have been studied in OC patients.

Monomethyl auristatin E (MMAE) is a potent antimitotic agent that blocks the polymerization of tubulin, often
utilized as a therapy payload for ADCs. Lifastuzumab vedotin (LIFA) is a conjugate of an anti-NaPi2b mAb and MMAE,
linked by a protease-labile linker.*>** In a phase II clinical trial (NCT01991210), PROC patients were randomly assigned
to intravenous LIFA (2.4 mg/kg, every 3 weeks) or pegylated liposomal doxorubicin (PLD) (40 mg/m2, every 4 weeks).
LIFA was well tolerated and resulted in an improved ORR compared to PLD in intent-to-treat (ITT) patients (34% vs
15%, P=0.03) and NaPi2b-high patients (36% vs 14%, P=0.02). However, PFS showed a moderate but not significant
improvement in the ITT patients (5.3 months vs 3.1 months, NaPi2b =0.78, P=0.343) and the NaPi2b-high patients (5.3
months vs 3.4 months, HR=0.71, P=0.243). It is important to note that there was strong (2+/3+) expression of NaPi2b in
the majority of patients included. This suggests that the methodology used to assess the high-expression population of
NaPi2b in this study may require improvement.*

Upifitamab rilsodotin (UpRi) is another ADC that consists of a unique humanized anti-NaPi2b mAb conjugated to
auristatin F-hydroxypropylamide.?’ The initial efficacy of UpRi was explored in a phase Ib study (NCT03319628)
involving 97 HGSOC patients. The data on efficacy and tolerability supported the potential clinical benefit of UpRi, with
an ORR of 34% and a median duration of remission of up to 5 months in NaPi2b-positive HGSOC patients.”® However,
UpRi did not meet the primary endpoint in the next Phase II, the single-arm UPLIFT study (NCT03319628), which
recruited PROC patients who had undergone one to four previous treatment therapies. Enrollment of new patients in two
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ongoing OC studies, UP-NEXT (NCT05329545) and UPGRADE (NCT04907968), has been temporarily suspended due
to five patient deaths.

MslIn-Adc

Mesothelin (MSLN) is a 40 kDa glycoprotein located on the cell membranes.”>* It is

rarely expressed in normal tissue
but is highly expressed in a number of different epithelial tumor tissues.*® In preclinical studies, MSLN has been
identified as a key protein in the multistep process by which OC spreads through the peritoneum.*’ Multiple ADCs
targeting MSLN are now being investigated in a growing number of tumors.

Anetumab ravtansine (BAY 94-9343) is an ADC that consists of the fully human immunoglobulin G1 anti-MSLN
mAb and DM4 linked by a reducible disulfide bond. A multicenter, Phase I study recruited patients with advanced or
metastatic solid tumors, including 64 patients with OC, to conduct a preliminary exploration of the safety and efficacy of
BAY 94-9343 (NCT01439152). 94-9343 demonstrated a tolerable safety profile and promising initial antitumor efficacy,
as well as a superior pharmacokinetics profile.>* The side effects of bevacizumab and BAY 94-9343 or paclitaxel (PTX)
are being investigated in an ongoing phase II clinical trial involving PROC patients (NCT03587311).

BMS-986148 is another ADC directed toward the cell surface protein MSLN. It comprises a fully human IgG1 anti-
MSLN mAb linked to tubulysin via a valine-citrulline linker.”> Tubulysin is a cytotoxic compound that inhibits
microtubule assembly, thus resulting in defective proliferation and consequent apoptotic death.>* BMS-986148 was
assessed in an international phase I/Ila trials (NCT02341625) involving patients suffering from MSLN-positive tumors,
including mesothelioma, OC, NSCLC, pancreatic cancer, and gastric cancer. Twenty-seven patients with OC received
BMS-986148 monotherapy, and two patients with OC received BMS-986148 in combination with navulizumab. The
primary endpoints of the study were safety and tolerability. The prevalent therapy-related AEs (>10%) were elevated
levels of alanine aminotransferase, aspartate aminotransferase, and alkaline phosphatase. BMS-986148 + nivolumab has
shown preliminary clinical efficacy, which is safe and well tolerated.*”

Her2-Adc

Human epidermal growth factor receptor 2 (HER2) is a member of the HER family. Among gynecological malignancies,
HER?2 is most commonly overexpressed in endometrial (17-30%) and ovarian (5-60%) cancers.>> >* Additionally, in OC
patients, HER2 overexpression has been related to chemoresistance and a worse prognosis,®> making it an ideal target for
ADC treatment. Trastuzumab-deruxtecan (T-DXd) is an ADC comprising the anti-HER2 mAb trastuzumab and the
payload DXd, a topoisomerase I inhibitor. T-DXd received accelerated approval from the FDA as a therapy for HER2-
mutant NSCLC and HER2-positive and HER2-low unresectable or metastatic breast cancer.’”** A multicenter, open-
label phase II clinical trial (NCT04482309) recently assessed T-DXd (5.4 mg/kg every 3 weeks) in solid tumors
expressing HER2. A total of 267 patients suffering from solid tumors were recruited, including 40 patients with OC.
The ORRs were 45.0% (95% CI, 29.3 to 61.5) in OC patients and 63.6% (95% CI, 30.8 to 89.1]) in HER2
immunohistochemistry 3+ OC patients. In the overall study population, the median OS was 13.2 months, and 20.0
months for the median PFS. The prevalent AEs reported were nausea (55.1%), anemia (27.7%), diarrhea (25.8%), fatigue
(24.7%), and vomiting (24.7%).*

Peptide-Drug Conjugates

Peptide—drug conjugates (PDCs) provide a promising avenue for targeted therapy following ADCs. Antibodies have
certain limitations due to their large molecular weight, inability to effectively diffuse into cells, and high cost of
synthesis. Using small molecule cancer cell targeting peptides (CTPs) instead of traditional mAbs appears to be
a promising approach. The toxic reagent payload is coupled to CTP through a linker to produce a new targeted
therapeutic drug. CTPs capable of binding with superior affinity to overexpressed receptors on the tumor cell surface
offer precise targeting effects. PDCs have several core advantages over ADCs, including strong tissue permeability,
relatively inexpensive synthesis, and low immunogenicity.** Furthermore, it is worth noting that PDCs are quickly
metabolized through the kidneys, in contrast to ADCs, which have more intricate pharmacokinetics.*’
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Cox et al reported a knottin peptide-drug conjugate and further validated it as a high-potency inhibitor against OC cell
lines by selectively targeting OC cells expressing tumor-associated integrins.*® Sortilin (SORT1) is an intrinsic trans-
membrane protein that is overexpressed in OC.*”*® TH1902 is a PDC that contains two molecules of PTX connected to
a peptide (TH19P01) that targets SORT1.*’ In preclinical studies, TH1902 has demonstrated significant antitumor effects
as a single agent or in combination with other agents, both in vitro and in xenograft mice models.**>' Currently, a Phase
1 open-label clinical trial is underway to evaluate the efficacy of TH1902 (NCT04706962) in patients with advanced
solid tumors, including OC. The study involves both dose escalation and expansion.

Aptamer-Drug Conjugates

An aptamer is a short, single-stranded oligonucleotide, composed of either RNA or DNA, that can bind exclusively and
specifically to a target molecule with high affinity.’>>* The aptamer interacts with the target molecule through the folding
of secondary and tertiary structures, forming a specific three-dimensional spatial conformation. Aptamer-drug conjugates
(ApDCs) represent an efficient targeted delivery system. Compared to ADCs, ApDCs are smaller and more chemically
stable, less immunogenic, penetrate rapidly into tissues, and have a simpler engineering design.’>>* Several aptamers
have been validated for their potential to specifically bind to OC-related membrane proteins, such as CD44, nucleolin,
and programmed cell death-ligand 1.7’

Li et al constructed and characterized a highly hydrophilic nucleolin aptamer-PTX conjugate. Using the nucleolin-
binding aptamer to specifically bind to nucleolin on the tumor cell membrane surface, this ApDC can specifically deliver
PTX to tumor sites. Promising results were shown in vitro and in vivo using xenograft mice models. Even though
multiple ApDCs have been reported by scientists, only a few ApDCs have progressed to the clinical trial stage. The
application of ApDCs is restricted by their limited in vivo specificity, poor serum stability, and rapid renal elimination.>®

ADCs are currently the fastest-developing drug conjugates. MIRV is the only approved ADC for OC therapy.
Research on tumor-specific targets has expanded, leading to the rapid development of various drug conjugates targeting
different targets. Exploration of the payload is underway. A wide variety of payloads, including proteins, liposomes,
nucleic acids, bacteria, viruses and even cells, are now utilized beyond small molecule cytotoxic drugs.

Nanoparticle Drug Delivery Systems

NDDSs are sub-particulate DDSs composed of inorganic or polymeric materials in the nanoscale microcosmic range with
superior biocompatibility, stability, safety, and modifiability. Nanoparticles with a diameter of <100 nm or materials with
a diameter of 100—1000 nm that exhibit NP properties are used as materials for NDDSs. According to their properties,
nanocarriers can be divided into two main categories: organic and inorganic. Organic nanocarriers mainly include
liposomes, polymer micelles, dendritic macromolecules, polymers, and so on, while inorganic nanocarriers mainly
include silica, metal-organic frameworks, carbon nanotubes, quantum dots, and so on.

Nanocarriers can encapsulate water-insoluble drugs by forming a lipophilic vesicle cavity. The external structure of
nanocarriers is hydrophilic, which can improve the dissolution and absorption of these drugs, thereby increasing their
bioavailability.”® *° Nanocarriers can also extend the half-life and duration of action of drugs and reduce their degrada-
tion in vitro and in vivo, thereby increasing their stability.®"*> In the case of poorly biocompatible drugs, the
encapsulation of the drug in nanocarriers can enhance the bioavailability of the system and prevent enzymatic cleavage
or hydrolysis of the drug.®® Several antitumor NDDSs, including doxorubicin hydrochloride liposomes and PTX
liposomes, are currently being used to treat OC.

Targeting Mechanism

The targeting mechanism within NDDS is distinguished into passive and active targeting. Passive targeting utilizes the
body’s inherent distribution mechanisms and the unique biological characteristics of diseased tissues. On the other hand,
active targeting entails the precise attachment to specific molecules present on the surface of diseased cells. These two
critical mechanisms, passive and active targeting, serve as the foundation of targeted drug delivery in NDDS, each
presenting distinct advantages and limitations.
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Passive Targeting

Nanocarriers can be passively enriched in tumor tissue that is rich in blood vessels and poor in lymphatic drainage via the
enhanced permeability and retention (EPR) effect, thereby achieving passive targeting.** ¢’ This targeting is termed
“passive” because it does not depend on any specific molecular recognition mechanisms on the surface of the
nanoparticles. Instead, it leverages the physical and biochemical disparities between diseased and healthy tissues. The
EPR effect has been recognized as a major contributor to nanocarrier enrichment in tumor tissue since its first report in
the late 1980s.°® The principal advantage of this method is its simplicity and wide applicability. However, it is not
effective for tumors or diseased tissues that do not exhibit a significant EPR effect. Additionally, the impact of the EPR
effect on nanomedicine has been the subject of controversy.®”>’® Sindhwani et al investigated the mechanism of NP
penetration into solid tumors.”' There is sufficient evidence to suggest that transcytosis may be the primary mechanism
for NP accumulation at the tumor site. These findings have inspired researchers to develop NDDSs that utilize active
transcytosis, thereby improving drug delivery efficiency. Focal adhesion kinase (FAK) is a major driver of desmoplasia in
pancreatic ductal adenocarcinoma (PDAC), affecting drug and immune cell infiltration into deep tumors. Dual-responsive
NPs were designed, prepared, and assembled to codeliver the chemotherapeutic drug gemcitabine and the FAK selective
inhibitor defactinib, which are capable of inducing transcytosis. The stromal cells of PDAC, which are initially
responsible for drug entry, actively transport NPs to the deeper parts of the lesion, resulting in chemotherapy
sensitization.”

Active Targeting

Targeted therapy can be achieved through surface functionalization of nanocarriers to deliver loaded drugs to specific
sites and tissues, reducing nonspecific distribution in other organs and tissues. This can be achieved by targeting
receptors (eg, FRao, NaPi2b, MSLN, HER2), specific enzymes, receptors, and antigens overexpressed on the surface of
OC cells. The bioavailability of drugs can be enhanced and systemic toxicity can be decreased by active targeting.
Satpathy et al reported that cisplatin (CDDP)-encapsulated magnetic iron oxide NP conjugated with a HER2 affibody. In
an OC xenograft model in nude mice, the growth of primary tumors and metastatic peritoneal and lung tumors was
significantly inhibited.”® Similarly, in 2021, Wang et al designed a CDDP-loaded NP modified by Her2 specific affibody
allowing specific targeting, which can be used in tumor-enhanced chemo-radiotherapy.” All of these NPs were designed
to target the tumor cell membrane based on the specific binding of the HER2 affibody conjugated with the extracellular
HER?2. In addition, TMTP1 is a peptide that targets tumor lesions and metastases by specifically binding to aminopepti-
dase P, which is highly expressed on OC cell membrane.”>’® Wang et al proposed the use of adavosertib-olaparib (Ola)-
loaded NPs decorated with TMTP1. In both OVCARS xenograft mice models and patient-derived OC xenograft models,
NPs demonstrated excellent selectivity in targeting OC cells and exhibited stronger tumor suppression and less toxicity
than the free drug combination.”” In another study, by using another tumor-targeting peptide, cyclic-Arg-Gly-Asp
(cRGD), which specifically binds to integrin avB3, heparin NPs loaded with Ola and CDDP were able to effectively
inhibit the proliferation and metastatic spread of CDDP-resistant OC.”® (Figure 3).

Biomimetic Nano Delivery Systems
In recent years, there has been a proliferation of novel types of NDDS, which leverage the distinctive properties of their
delivery materials to facilitate more efficient transportation of drugs to the site of disease action, including target tissues
and cells. It is crucial to recognize that the incorporation of these specialized NDDS with a targeting strategy (passive or
active) enhances the specificity and efficacy of drug delivery without altering the original targeting strategy.
Biomimetic nano delivery systems (BNDSs), such as extracellular vesicles (EVs), natural cell membranes (CMs), and
platelets, have recently shown unprecedented potential in the treatment of cancer.”” ®> BNDSs have received consider-
able attention due to their low immunogenicity, long cycle time, superior cellular uptake ability, and intrinsic transcytosis.
Owing to their advantageous characteristics such as nanosize, biocompatibility and excellent stability, EVs have greater
potential for use as drug carriers than synthetic nanocarriers.** *® Specifically, EVs have outstanding cellular internaliza-
tion and intrinsic capacity for transcytosis, allowing them to rapidly traverse physiological barriers and penetrate the
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dense intratumoral tissues.®”*® In addition, EVs exhibit a degree of intrinsic active targeting capability. While not always
precise or efficient, EVs can be modified through biotechnology techniques to enhance their active targeting capability.

Smart-Responsive NDDS

Moreover, in recent years, smart-responsive NDDSs, also referred to as “stimulus sensitive” NDDSs, which primarily
function by influencing the payload release mechanism rather than the initial targeting/accumulation mechanism, have
emerged as a prominent area of research. They can exhibit different responsive release characteristics that can result in
immediate and dramatic physical and chemical alterations when stimulated by both external and internal stimulus. Two
different approaches can be employed to construct stimuli-responsive NDDSs. The first approach involves using
stimulus-responsive natural and synthetic polymeric materials directly, rather than through additional modification, by
utilizing sensitive moieties in structural framework. The other is to attach sensitive functional groups or moieties to the
backbone of the polymer by modification of side chains, end groups, or block junctions of the polymer framework.**~!
The design of an NDDS that responds to the TME is based on the unique variances of cancer and normal tissues. These
variances include a slightly acidic environment, redox potential, activated oxygen-enriched environment, hypoxic
environment, and enzyme expression in tumor tissue. Smart-responsive NDDSs normally remain in a “closed” station
when in normal tissue, but convert to an “open” station when penetrating TME, thus enabling the controlled, selective
drug release. In addition to responding to specific endogenous stimuli, smart-responsive NDDSs can also respond to
exogenous stimuli (light, magnetism, and ultrasound) and release payloads in the desired region. In response to pH
changes, studies on the redox potential and the effects of exogenous stimuli such as ultrasound are currently popular in
stimulus-responsive nanocarrier research.

Due to accelerated proliferation and metabolism in tumors, the extracellular pH is approximately 6.5-7.2, compared
to approximately 7.4 in normal tissues. In addition, it is further reduced in endosomes and lysosomes.”* > Accordingly,
multiple kinds of pH-responsive nanomaterials are being engineered to control drug release at specific tumor sites.
Wlodarczyk et al synthesized and characterized a novel pH-responsive NP system providing active targeting and
substantial delivery of platinum (II) to tumors. By combining stimulus-responsive release with an active targeting
mechanism, the NPs showed increased uptake via receptor-mediated endocytosis at pH 6.8 in comparison with pH
7.4, with approximately three- and two-times greater uptake in the A2780 and CP70 cell lines.”®

Another feature that can be used to regulate drug release from smart NDDSs is the redox potential. Glutathione
(GSH) is the principal factor affecting the reducing environment and is highly abundant in the TME. Therefore, GSH is
considered an ideal intracellular stimulator that triggers NDDS dissociation and rapid drug release.”’ Reduction-sensitive
disulfide linkers and diselenide linkers are commonly employed in redox-responsive DDSs and are reduced by GSH,
leading to conformational changes and subsequent drug release.””*® Zou et al constructed a redox-sensitive NP self-
assembled from disulfide-linked PTX and tetramethylpyrazine (TMP). Amphiphilic PTX-ss-TMP spontaneously self-
assembles in aqueous solution to form stable NPs. When tumor cells were exposed to high levels of GSH, disulfide bonds
were broken, and PTX/TMP was released. Compared to free drugs, PTX-ss-TMP NPs in A2780 xenograft mice
demonstrated superior tumor-specific enrichment and therapeutic efficacy.”® Qu et al designed a programmable disulfide
cross-linked micelles loaded with betulinic acid (BA) and paclitaxel (PDCM@PTX), whose programmable switches
comprise ester bonds and disulfide cross-links. In TME, the disulfide linkers were reduced by GSH and subsequently the
ester bonds were cleaved by intracellular esterase. The in-situ release of PTX and BA leads to an enhanced anti-tumor
effect in multi-drug resistant OC.'%® (Figure 4)

Functional nanomaterials can also be exploited as nanocarriers in response to exogenous stimuli such as ultrasound,
light, temperature, magnetic, microwave, or electric fields to release encapsulated drugs. For instance, ultrasound can be
employed to trigger spatial and temporal drug release. Its biocompatibility and low attenuation in tissues have great
potential for remote activation, steadily advancing the field of intelligent drug delivery systems. Baghbani et al developed
alginate nanodroplets that co-deliver doxorubicin and curcumin, which are responsive to ultrasound. Low-frequency
ultrasound irradiation significantly increased the cytotoxicity of nanodroplets to A2780 human OC cells and resulted in

efficient tumor regression in OC tumor-bearing mice models.'®!
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Drug carriers that trigger drug release in responding to dual and multiple stimuli, such as pH-redox and pH-
temperature, have been rapidly advanced to further enhance drug release and therapeutic potency.'®>'** In this regard,
Fathi et al constructed pH/thermo-responsive magnetic NPs loaded with the tyrosine kinase inhibitor erlotinib for

targeted OC therapy.' %’
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Figure 4 (A) Schematic illustration of glutathione and esterase response cross-linked micelle. (B—C) Advanced Tl-weight MR images-measured tumor volume and
quantitative analysis for the PTX-resistant mouse model with different treatments. (D) Tumor weight for the PTX-resistant mouse model with different treatments. *P<0.05,
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The advancement of nanomedicine has resulted in the development of sophisticated NDDSs that target tumors and
respond to the TME and external energy. These systems have improved drug efficacy and decreased toxic effects in the
adjunctive management of OC. Drug resistance and metastasis are the primary causes of high morbidity and mortality in
OC patients. Nanodrugs have unique advantages in delaying drug resistance and inhibiting metastasis due to their
structural features and multitargeted mode of action. Notably, nanomedicine studies have focused mainly on animal
models, with most experimental data coming from rats and mice. It should be noted, however, that there is a certain
species heterogeneity between humans and mice.

Hydrogel Drug Delivery System

Hydrogels are hydrophilic polymer networks formed by physically or chemically crosslinked macromolecules that retain
relatively large amounts of fluid and are compatible with the water-rich biological environment of the organism.'*®'*
Hydrogels mimic living tissues for their high-water component, soft structure, and high porosity, with outstanding biocompat-
ibility, biodegradability, and sustained encapsulation.''®"''? Hydrogels can be classified as macrogels, microgels (0.5-10 pum), or
nanogels (NGs) (<200 nm) based on their size. In contrast to macrogels, microgels, and NGs are characterized by smaller
particles, which is beneficial for systemic administration. Microgels smaller than 5 um can be administered orally or inhaled, and
NGs can be given by intravenous injection.''® They are available for various routes of administration, including intravenous,
in situ injection or implantation, transdermal delivery, oral delivery, pulmonary delivery, and transarterial chemoembolization.''*
Hydrogels are promising new options for DDSs due to multiple scales and various administration methods, allowing them to be
used to target a wide variety of cancers Hydrogel materials are frequently employed as a precisely controlled DDS for a variety of
substances, including chemo drugs, radionuclides, immune suppressants, thermotherapeutic agents, phototherapeutic agents, and
others. They are widely used in cancer treatment through various therapies, such as radiotherapy, chemotherapy, immunotherapy,
thermotherapy, photodynamic therapy, and photothermal therapy.''>~'"”

Similarly, the targeting mechanism of a hydrogel delivery system can be classified into two categories: passive
targeting and active targeting, which are analogous to those observed in NDDSs. Hydrogel DDSs can be given active
targeting ability by modifying functional groups that specifically bind to tumor targets. Another member of the HER
family is epidermal growth factor receptor (EGFR, HER1), which is also expressed in up to 60% of malignant OCs.'"®
EGFR not only is a biological target but also actively participates in maintaining the proliferation and survivability of
cancer cells.''” Coencapsulated polymeric NGs loaded with CDDP and neratinib (NRT) were developed by Xi et al. The
drug-loaded NGs was modified with two target ligands binding with EGFR to provide tumor-specific targeting capability.
These NGs enable the delivery of combinations of CDDP and NRT to tumor cells that overexpress EGFR. The
combination of CDDP and NRT demonstrated synergistic toxicity to cancer cells. Codelivery of drugs with NGs,
compared to mixtures of free drugs and single-agent NGs administered at the same dosages, significantly enhanced
their inhibition of tumor growth in EGFR-positive intraperitoneal OC xenografts. Significant tumor growth inhibition and

improved animal survival were achieved by the targeted fusion approach with coadministered drugs.'*°

Smart-responsive hydrogel DDS

The elaborate design of hydrogels allows for the construction of “stimulus-responsive” hydrogel DDSs using different
approaches, which are promising strategies for controlled drug release therapies. Hydrogels can be categorized as normal
or responsive hydrogels based on their responsiveness.''* Hydrogel materials that are responsive to changes in their
environment through both internal and external stimuli, such as pH, light, temperature, enzymes, redox potential, and
magnetism.''*!2""13% Responsive hydrogel DDSs, which enable remote control and on-demand release of agents, are
critical for effectively delivering antitumor drugs to the intended target, minimizing systemic toxicity, and enhancing
their potency. Salt-induced kinase 2 (SIK2) is overexpressed in both primary and metastatic lesions of OC, promoting
tumor occurrence and metastasis.'>"!*? Hua et al constructed an SIK2-reactive supramolecular hydrogel loaded with an
SIK?2 inhibitor for intraperitoneal injection, which exhibited gel-to-sol transitions upon activation by SIK2. Hydrogelators
are efficiently converted to hydrophilic phosphates, which are activated by SIK2 overexpression in tumor lesions,
resulting in the degradation of the nanofibers and the sustained release of SIK?2 inhibitors. Consequently, SIK2 inhibitors
downregulate SIK2 activity and promote OC cell apoptosis.'* (Figure 5)
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Topical Administration Hydrogel DDS

Additionally, optimizing the administration route can improve biodistribution, thereby facilitating controlled release of
drugs at the target site in another efficient way. For instance, topical administration hydrogel DDSs, the direct delivery of
a drug to the target site, can be used as an alternative to systemic administration. The properties of biodegradable and
injectable hydrogels make them suitable for topical administration.

The injectability of hydrogels makes them excellent carriers for topical drug application. The sol-gel state transform-
ability of hydrogels enables researchers to design morphological transformations in specific environments, thereby
controlling the localisation of drugs and the rate of drug release. The application of in situ triggered gel technology
after injection provides a minimally invasive approach to in situ injection of hydrogel DDSs for almost any organ or
tissue.'*>'** Drugs within the hydrogel are injected directly into the tumor sites and are localized within a cross-linked
network of the hydrogel, increasing local retention of the therapeutic agents within the tumor tissue and limiting drug
toxicity to a localized area where tumor cells are located. This approach differs from systemic administration because it
can bypass the hepatic first-pass effect and enhance the drug concentration in tumor lesions, resulting in effective tumor
suppression. Therefore, it can load drugs or cooperate with other DDSs to deliver medication more accurately, increase
concentration at the tumor lesion, and decrease toxicity.

Future Perspectives and Challenges

In the near future, a promising avenue of research may be the integration of multiple therapeutic methods in a complex
multi-stimulus response system. Once accumulated at the tumor site, capsule drugs can be released through distinct
mechanisms, targeting different cells and releasing in sequence. With the advent of immunotherapy in the field of tumor
treatment, ovarian cancer, which has been designated an “immune cold tumor”, has garnered attention in the context of
reversing the immunosuppressive microenvironment of tumors through combined immunotherapy. Enhancing the
infiltration of CD8+ T cells and inducing the differentiation of macrophages from M2 to M1 represent crucial steps in
improving the immunosuppressive microenvironment. In the future, through meticulous design, immune adjuvants can
be delivered to immune cells in the tumor microenvironment, and cell cytotoxic drugs can be specifically delivered to
tumor cells, achieving efficient and multifunctional combination therapy while also circumventing the inflammatory
storm caused by immune adjuvants throughout the body. In recent years, there has been a narrowing of the targeted
targets from organs/tissues to cells. This is occurring concurrently with a deepening of research on the role of subcellular
structures, especially organelles, in tumor progression. As a result, there is a growing interest in TDDS targeting
organelles (such as the nucleus, mitochondria, lysosomes, endoplasmic reticulum, Golgi apparatus, etc). The targeting
of more specific sites may result in enhanced therapeutic efficacy and a reduction in adverse effects, given that the
treatment mode and target molecules of numerous drugs are present or active in these locations. For example,
mitochondria, which function as the cell’s primary energy source, are responsible for producing the majority of ATP
(through the oxidative phosphorylation process) and also participate in numerous other essential cellular processes,
including apoptosis, the generation of ROS, and the regulation of signal transduction pathways. At present,
a considerable number of studies are focused on the regulation of pivotal mitochondrial targets with the objective of
alleviating tumor burden. The potential of TDDS to deliver drugs specifically to the interior of mitochondria represents
a promising avenue for the development of intelligent and efficient treatment modalities, thereby facilitating the
translation of theoretical research into tangible clinical benefits.

Despite these many benefits, clinical translation is hampered by several key problems and barriers that need to be
addressed. First, with the exception of ADCs, which have been the subject of clinical trials in a variety of populations,
most studies of TDDSs have been conducted primarily in animal models. A large number of human clinical trials are
needed to ensure short- as well as long-term effects and to explore the potential of these systems. Furthermore,
incorporating comprehensive genetic testing into the initial assessment of ovarian cancer represents a significant
advancement in the era of personalized medicine, effectively matching patients with efficacious treatments. The
application of uniform drug therapy has been demonstrated to have no impact on the survival rate of some patients,
while frequently resulting in the onset of severe toxic side effects. Given that TDDS targets receptors overexpressed on
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tumors, it is essential to consider individual heterogeneity based on comprehensive genetic testing to benefit a greater
number of patients. Ovarian cancer tumors may exhibit high heterogeneity, and target expression may change over time.
Therefore, patient screening and target monitoring throughout the entire treatment process are of paramount importance.
Moreover, it is essential to acknowledge that for multi-drug delivery strategies, if the target cells are situated in disparate
locations, the delivery and release processes must be meticulously precise and accurate. To illustrate, the number of
immune cells in the tumor microenvironment is restricted, with dendritic cells (DC) and CD8 T cells predominantly
situated in lymph nodes. In the event that TDDS is unable to simultaneously deliver drugs to the tumor microenviron-
ment and lymph nodes, it is essential to determine how to distinguish between different target cells and release the
appropriate drugs in the appropriate locations. Moreover, the drugs must be released promptly upon reaching the target
location to prevent transport or efflux to alternative sites. Consequently, the sensitivity and specificity of TDDS represent
significant challenges. Finally, research on TDDS targeting specific organelles is still very limited, particularly in light of
the considerable vesicular transport observed. Finally, it is noteworthy that research on TDDS targeting specific
organelles remains scarce, particularly in light of the substantial vesicular transport observed between some organelles
for the exchange of substances. This may potentially result in an early accumulation of drugs in the targeted organelles,
which could subsequently be transferred to other organelles. Therefore, it is essential to gain a comprehensive under-
standing of the targeted section of the target organelle and the complex interconnectivity between organelles in order to
achieve optimal drug accumulation in the intended organelles.

Conclusions

In conclusion, the battle against OC necessitates innovative approaches beyond the traditional paradigms of chemother-
apy. The advent and evolution of TDDSs offer a novel pathway to significantly enhance therapeutic outcomes, with the
potential to transcend the limitations of current treatments, addressing the critical challenges of poor targeting, low
efficacy, and substantial side effects. The exploration of drug conjugate delivery systems, NDDSs, and hydrogel DDSs
underscores a pivotal shift towards leveraging advanced technologies for direct, effective, and safer OC interventions.
Additionally, this review highlights future directions and challenges.
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