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a b s t r a c t

As one of the most common gynecological malignancies, peritoneal metastasis is a common feature and

cause of high mortality in ovarian cancer (OC). Currently, the standard treatment for OC and its peri-

toneal metastasis is maximal cytoreductive surgery (CRS) combined with platinum-based chemotherapy.

Compared with intravenous chemotherapy, traditional intraperitoneal (IP) chemotherapy exhibits obvious

pharmacokinetic (PK) advantages and systemic safety and has shown significant survival benefits in sev-

eral clinical studies of OC patients. However, there remain several challenges in traditional IP chemother-

apy, such as insufficient drug retention, a lack of tumor targeting, inadequate drug penetration, gastroin-

testinal toxicity, and limited inhibition of tumor metastasis and chemoresistance. Nanomedicine-based

IP targeting delivery systems, through specific drug carrier design with tumor cells and tumor environ-

ment (TME) targeting, make it possible to overcome these challenges and maximize local therapy efficacy

while reducing side effects. In this review article, the rationale and challenges of nanomedicine-based

IP chemotherapies, as well as their in vivo fate after IP administration, which are crucial for their ratio-

nal design and clinical translation, are firstly discussed. Then, current strategies for nanomedicine-based

targeting delivery systems and the relevant clinical trials in IP chemotherapy are summarized. Finally,

the future directions of the nanomedicine-based IP targeting delivery system for OC and its peritoneal

metastasis are proposed, expecting to improve the clinical development of IP chemotherapy.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Currently, ovarian cancer (OC) remains the second most com-

mon gynecological malignancy and the eighth-leading cause of

cancer-related death among women worldwide [1]. It is high mor-

tality largely refers to late diagnosis and treatment resistance [2].

The absence of specific symptoms and the lack of effective screen-

ing or diagnostic methods during the early stage (the Interna-

tional Federation of Gynecological Oncology (FIGO) stages I and II)

largely contribute to the poor five-year survival rate [1,3], which

is 70%–95% in early stages (I and II) and only 15%–30% at late

stages (III and IV) [4,5]. Almost 70% of patients are diagnosed with

advanced disease that has metastasized to the peritoneal cavity
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and/or retroperitoneal lymph nodes [6,7]. Epithelial ovarian can-

cer (EOC) accounts for 90% of OC; its common feature is peritoneal

metastasis that is mainly through the transcoelomic pathway [7,8]

and eventually develops into peritoneal cancer and malignant as-

cites [9,10]. Currently, the standard treatment for OC is maximal

cytoreductive surgery (CRS), followed by adjuvant platinum-based

chemotherapy [3]. Platinum-based chemotherapy has been proven

for the first-line regimen of OC, achieving a response rate of 80%

and a complete response of 40%–60% [1,11]. However, the major-

ity of patients after chemotherapy will relapse within 18 months

with ever shorter disease-free intervals and eventually die from the

drug resistance of platinum-based chemotherapy, causing the poor

five-year survival rate [2,12,13].

In recent years, large numbers of experimental therapies and

clinical trials about OC have been carried out, and it is hoped that

these can be added to platinum-based chemotherapy to achieve

an OC cure or at least transform it into a chronic disease with
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prolonged disease-free intervals. In particular, intraperitoneal (IP)

chemotherapy has been developed in the past decade, and mul-

tiple studies have shown that CRS combined with IP chemother-

apy has yielded some benefits in advanced OC patients [14]. Com-

pared with intravenous therapy, IP chemotherapy has significant

pharmacokinetic (PK) advantages, contributing to high drug ex-

posure in peritoneal carcinomatosis and reduced systemic toxicity

[14]. However, there are some limitations before it becomes a stan-

dard treatment, mainly in terms of its safety and efficiency. The

rapid clearance of high IP chemotherapy doses, the lack of tumor-

targeting, and the constant administration of physical damages

lead to greater gastrointestinal toxicity and a higher risk of infec-

tion [14]. In addition, studies have also shown that IP chemother-

apy has a better prognosis in smaller tumors (<0.5 cm) while lack-

ing efficacy in larger (>2 cm) bulky tumors, which is probably re-

lated to chemotherapeutics’ tumor penetration [15-21]. Moreover,

the tumor microenvironment (TME) within the abdominal cav-

ity mainly consists of the peritoneum (solid state) and malignant

ascites (fluid state), including tumor cells, stromal cells, vascula-

ture, and extracellular matrix (ECM), which play critical roles in

the OC invasion, metastasis, and platinum resistance; thus, single

chemotherapeutics acting on tumor cells might not achieve effec-

tive tumor elimination [7,22,23].

The good news is that nanomedicine-based delivery systems

for IP chemotherapy have been gradually developed, which could

overcome these limitations, promoting the development of IP

chemotherapy in OC and other peritoneal cancers (Table S1 in Sup-

porting information) [24-39]. For instance, the long-term retention

of chemotherapy drugs could be achieved through designing a sus-

tained release system such as hydrogel, and targeting tumor tis-

sues could be achieved through surface modification. In addition,

because of complex pathological mechanisms, synergistic combi-

nation therapy of multiple chemotherapeutics or other therapies

may be more appropriate than monotherapy. Nanomedicine-based

IP delivery systems could achieve the above synergistic combina-

tion therapies so as to act on tumor cells and TME simultaneously,

inhibiting metastasis and chemoresistance.

Based on the limitations of current IP chemotherapy, designing

the optimal nanomedicine-based IP targeting delivery system is of

importance for their clinical development. Furthermore, wonderful

nanomedicine-based IP chemotherapies are inseparable from the

understanding and control of their in vivo fate, which is crucial

for their rational design and clinical translation [14,40-42]. Thus,

in this review, the rationale and challenges of nanomedicine-based

IP chemotherapy, as well as their in vivo fate following adminis-

tration, will be discussed; then, current designation strategies and

the relevant clinical trials of nanomedicine-based IP targeting de-

livery systems will be summarized, as well as the discussion about

the future directions, expecting to promote the development of

nanomedicine-based IP chemotherapy for OC and other peritoneal

cancers.

2. Rationale and challenges of nanomedicine-based IP

chemotherapy

2.1. Rationale of IP chemotherapy

The peritoneum that covers visceral, abdominal, and pelvic or-

gans is composed of mesothelial cells, the sub-mesothelial base-

ment membrane, and endothelial cells (ECs), which could defend

against invasion by macromolecules [40]. The peritoneal-plasma

barrier is composed of the peritoneum and cellular-interstitial ma-

trix, in which the major resistances to macromolecules transporta-

tion are the blood capillary endothelium and cellular-interstitial

matrix, and the barrier properties of the mesothelium are insignif-

icant compared with the former two (Fig. 1). IP chemotherapy

Fig. 1. Schematic illustration of the peritoneal-plasma barrier and the drug

molecules transportation between the peritoneal cavity and the systemic systems.

Micromolecular drugs can easily penetrate through the peritoneum and redistribute

to the blood circulation; macromolecular drugs (including particles) are drained by

the lymphatic system.

delivers a high concentration of chemotherapeutics directly into

tumor tissues in the peritoneal cavity, which has certain advan-

tages compared with intravenous administration. On one hand, the

peritoneal-plasma barrier can limit the transport of macromolecu-

lar drugs between the peritoneal cavity and systemic circulation,

offering the PK advantages and reduced systemic toxicity of IP

therapy [4]. On the other hand, IP chemotherapy could increase

the concentration of drugs in the small peritoneal metastases that

are less than 1mm in diameter and lack established vasculatures

for intravenous delivery [43]. Several clinical studies in OC patients

have shown that there is a survival benefit to IP over intravenous

chemotherapy [44].

2.2. The in vivo fate and challenges of nanomedicine-based IP

chemotherapy

Nanoparticles (NPs) are particles with a size of 1–1000nm that

have various advantages, including smaller size, multifunctional-

ity, flexibility of design and modification, which are excellent drug

delivery vehicles for the treatment of complex and heterogeneous

diseases such as cancer [40]. For designing rational nanomedicines

for IP chemotherapy, understanding the in vivo fate of them follow-

ing IP administration is necessary, which is closely associated with

their delivery efficiency and thus significantly affects their thera-

peutic efficacy. The compositions and physicochemical properties

of nanomedicines (e.g., particle size, surface charge, and surface

modification) can influence their interactions with the peritoneal

TME and thus affect their in vivo fate. Therefore, in this section, we

will mainly focus on the in vivo fate of nanomedicines following IP

administration, the relevant influence factors and challenges, pro-

viding references for their design, and thus promoting their clinical

translation.

2.2.1. The in vivo fate and key influence factors of NPs after IP

administration

(1) Physiological conditions in the peritoneal cavity (faced by

NPs)

The peritoneum and peritoneal fluid (ascites) are the two ma-

jor peritoneal cavity components [7]. The peritoneum is composed

of mesothelial cells, the sub-mesothelial basement membrane, and

ECs, which could defend against invasion by macromolecules [40].

Generally, only a small volume of peritoneal fluid (approx. 10–

100mL in physiological conditions) exists in the peritoneal cavity,

which contains various components such as growth factors, nutri-

ents, cytokines, chemokines, leukocytes, proteins (e.g., albumin and
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transferrin), degrading enzymes, all of which are continuously ex-

changed between the peritoneal fluid and blood [40,45]. Moreover,

both the peritoneum and peritoneal fluid share similar stromal cell

types, including mesenchymal cells, adipocytes, immune cells [6,7].

The omentum also contains unique vascularized structures called

“milky spots” that contain various immune cells, such as lympho-

cytes, neutrophils [6,7]. In addition, the peritoneum that covers the

diaphragm is characterized by lymphatic “stomata”, cavities with a

diameter of 3–12μm between the mesothelial cells, which can pro-

vide direct access to an underlying network of lymphatic vessels

that allow to clear particulate matter, bacteria, and cells from the

peritoneal cavity into the circulation [45].

(2) Pharmacokinetics, biodistribution and penetration of NPs

and the relevant influence factors

Following IP administration, in spite of the direct distribu-

tion/penetration into the tissues and organs in the peritoneal cav-

ity, drugs are absorbed in the peritoneum capillaries (for small

molecules with MWs <20kDa) or are drained by the lymphat-

ics (for larger molecules or particles) (Fig. 2) [14]. For molecules

greater than 20kDa and particles larger than 20nm, the lym-

phatic system is the major drainage pathway; most of them are

drained through lymphatic duct openings (stomata) on the sub-

diaphragmic surface that connects to the lymphatic vessels of

deep diaphragmic tissues, and their lipophilicity and molecular

weight/particle size are the key determinants [14,42]. Following

being directly distributed or re-distributed on the tumor tissues of

the peritoneal cavity, the next process is tumor interstitial trans-

port of drug molecules or particles, which is mainly through two

pathways: (1) convection driven via a pressure gradient; and (2)

diffusion based on a concentration gradient [45]. According to the

Fig. 2. The PK behavior of free drugs and carrier-bound drugs after IP adminis-

tration. For free drugs, on one hand, they can directly be absorbed in the tissues

and organs in the peritoneal cavity (A); on the other hand, some of them with

small molecular weight can permeate through the peritoneum (B-1) and then be

absorbed in the blood circulation (B-2), and the larger ones (especially those with

high lipophilicity) are drained by the lymphatic system (B-3). For carrier-bound

drugs, except for those that are directly absorbed in the tissues and organs in the

peritoneal cavity (C), the rest are directly drained by the lymphatics (D-1, D-2), then

some of them with small particle sizes (<50nm) can pass through lymph nodes

and be absorbed into the blood circulation (D-3), the bigger ones (>500nm) are

trapped in lymph nodes, and then the released free drugs can redistribute to the

blood circulation and the surrounding tissues and organs in the peritoneal cavity.

TAM, tumor associated macrophage; Treg, regulatory T cells; CTL, cytotoxic T lym-

phocyte; NK cell, natural killer cell; DC, dendritic cell; MDSC, myeloid-derived sup-

pressor cell; CAF, cancer associated fibroblast; TMC, tumor associated mesothelial

cell; EPC, epithelial cell; EC, endothelial cell.

Péclet number, small molecules transport mainly through diffusion,

while large substances transport mainly through convection [45].

Moreover, studies showed that drug transport convective or dif-

fusion degree depends on temperature, the viscosity of the inter-

stitial fluid, the stromal architecture (e.g., stromal cells, density,

viscoelasticity, geometrical arrangement), and their own physic-

ochemical properties (e.g., molecular weight, size, and surface

charge) [45-48]. Several studies on the in vivo fate of mi-

cro/nanoparticles following IP administration and the relevant in-

fluence factors have been conducted (Table S2 in Supporting in-

formation) [14,41,42,49-55]. Studies have shown that for particles

with a diameter less than 50nm, they can pass through lymph

nodes and ducts and end up in the blood circulation; for large

particles with a particle size >500nm, which are mostly trapped

in lymph nodes, then free drugs are released from the particles;

for larger particles with a size that exceeds or is close to the di-

ameter of lymphatic duct openings, they are not easily cleared by

the blood or lymphatic systems [4,14,56]. Especially for micropar-

ticles larger than 12μm, they can escape lymphatic drainage, thus

increasing their peritoneal retention time, and due to their lower

surface area/volume ratio, the drug release is slower than that

of the smaller particles, resulting in better peritoneal distribution

[4,57]. In addition, Rie Ando-Matsuoka et al. investigated the in

vivo fate of small-sized (∼100nm) cationic liposomes (CLs) with

or without PEGylated in a peritoneally disseminated tumor model

[41]. The results showed that, after IP injection, CLs retained in

the peritoneal cavity for at least 3 days and efficiently accumu-

lated in the targeted disseminated tumor cells without in other ab-

dominal organs (e.g., liver, spleen, and kidney), while PEGylated CLs

were rapidly cleared from the peritoneal cavity to the blood system

within 3h following injection [41]. The different in vivo behaviors

of CLs and PEGylated CLs might be due to the CLs clustering with

ascites fluid proteins (albumin) and the lymphatic drainage system

[41]. For a detailed discussion about the influence of the key fac-

tors on peritoneal retention and penetration, please see Section 3.2.

2.2.2. Challenges of nanomedicine-based IP chemotherapy

Up to now, none of the available chemotherapeutics have been

approved for IP chemotherapy; there are still various challenges

that need to be overcome before it becomes a standard treatment.

(1) The instability of nanomedicine under peritoneal physiolog-

ical conditions

Compared with intravenous delivery, upon IP administration,

NPs are directly delivered to the target sites, thus, interactions be-

tween NPs and blood components that might induce stability or

immune issues could be avoided [58,59]. However, as mentioned

above, there are also various components in the peritoneal cavity,

especially in the peritoneal fluid, such as proteins and degrading

enzymes, which can interact with drug molecules or NPs and thus

influence their stability and biological activity [40]. For instance,

studies have shown that, following IP administration, NPs tend to

bind/interact with proteins to form the aggregation called “pro-

tein corona”, which has been regarded as a crucial determiner of

NPs’ in vivo fate [59,60]. Reports showed that the absorption of

certain amounts of proteins on the cationic NPs is associated with

macrophage uptake and clearance [61,62]. Moreover, some ligand-

modified NPs might lose their targeting ability due to the shield-

ing effect of the protein corona, and the formation of the pro-

tein corona might change the cellular uptake pathway or uptake

efficiency of NPs [60,62-68]. In short, the proteins, degrading en-

zymes, and other factors in the peritoneal fluid can lead to NPs’

aggregation, disintegration, cargoes’ premature release, off-target,

and cellular uptake limitation, eventually resulting in reduced bio-

logical activity and increased systemic or local toxicity [40].
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(2) Insufficient drug retention and drug penetration within tu-

mor tissues

The good efficiency of IP chemotherapy requires a high local

concentration of drugs for long duration and deep tissue pene-

tration, which is associated with the PK and tissue distribution of

drugs and the size of peritoneal carcinomatosis [45,56,69]. Studies

showed that larger free drugs or some particles (with a diameter

less than 50nm) can pass through lymph nodes, followed by en-

tering the blood circulation; while larger particles with a particle

size >500nm, after being trafficked by the lymphatic duct open-

ings, are mostly trapped in lymph nodes, and then free drugs are

released from the particles in the lymphatic system or further en-

ter the blood circulation [4,14,56]. Thus, after IP administration, the

majority of drug molecules or small-sized particles are cleared by

the blood or lymphatic systems, resulting in higher systemic ab-

sorption and lower peritoneal retention.

Actually, the anti-tumor efficiency of chemotherapeutics is not

determined by the concentration of drugs in the peritoneal cavity

but by their concentration in tumor tissues, more specifically in

tumor tissue centers [45]. Studies showed that postsurgical resid-

ual tumor size is associated with the efficiency of IP therapy, and

a better prognosis and longer survival intervals in OC patients re-

sult from smaller tumors (≤0.5 cm) over larger tumors (≥2 cm)

[14]. The related studies showed that these results were due to

the drugs’ permeability within the tumor mass [21,70,71]. Thus,

adequate tumor penetration is important for IP chemotherapy. As

reported, chemotherapeutics’ tumor interstitial transport is mainly

driven by convection or diffusion that is associated with their

physicochemical properties and the stromal architecture [45-48].

Therefore, although small molecules (with low molecular weight)

have penetration advantages, tumor stroma is also a critical ob-

stacle. For instance, studies showed that the density of collagen

fibers deposited in the tumor ECM could affect the stiffness and

rigidity of the stroma, combined with the geometric arrangement

of these collagen fibers, to jointly affect drug diffusion [45]. More-

over, tumor cells and stromal cells could contribute to a high cellu-

lar density and solid stress [45,72], and peritoneal mucus provides

an additional barrier for IP chemotherapeutics [45,73]. For exam-

ple, cancer-associated fibroblasts (CAFs) can contribute to physical

barriers and microvascular compression to prevent the transporta-

tion of chemotherapeutics and immune cells, generating resistance

to chemotherapy and immune therapy [74,75].

(3) Lack of tumor cell targeting and safety

Lack of tumor specificity is also a key restriction in IP

chemotherapy. After IP administration, peritoneal tumors and

healthy tissues/organs are exposed to high concentration of

chemotherapeutics, which might cause hematologic and/or local

(e.g., gastrointestinal) toxicity. Peritoneal cavity tumor targeting can

promote preferential uptake of chemotherapeutics by tumor cells,

resulting in enhanced therapeutic effects and reduced side effects.

Moreover, the safety of IP chemotherapeutics is not only asso-

ciated with agents’ targeting but also with their PK. For exam-

ple, cisplatin, carboplatin, melphalan, and etoposide are rapidly ab-

sorbed into the systemic circulation, easily inducing systemic toxi-

city, while paclitaxel, mitoxantrone, and doxorubicin (DOX) are ab-

sorbed slowly, easily leading to dose-limited local toxicity [70,76-

81]. Besides, mitomycin, 5-fluorouracil, and oxaliplatin can induce

chemical peritonitis, and docetaxel causes ileus [82-85]. Adminis-

tration procedures of traditional IP chemotherapy, such as placing

IP catheters in patients’ abdomens and frequent dosing, could in-

duce infection and physical damage to peritoneal tissues [14,86,87].

(4) Limited inhibition of tumor metastasis and chemoresistance

The limited inhibition of metastasis and chemoresistance is also

a challenge for IP chemotherapy [88]. The TME within the abdom-

inal cavity plays vital roles in the metastasis and chemoresistance

of OC cells. Interactions between malignant cells and the TME can

be mediated by direct cell-cell contact, secreted molecules, or the

transmission of exosomes [7]. Based on the “seed and soil” hypoth-

esis, stromal cells and ECM provide a suitable soil for the peri-

toneal metastasis of OC (detailed discussions about the effects of

the TME on OC development and peritoneal metastasis are elabo-

rated in Section 1 in Supporting information) [6,22]. Besides, ex-

cept for biophysical barriers in the TME, the interactions between

the TME and OC cells could also contribute to the chemoresistance.

Several cytokines secreted from stromal cells are associated with

the activation of tumors’ anti-apoptotic pathways and the exchange

of drug efflux proteins, thus promoting drug metabolism, ECM for-

mation, and the maintenance of cancer cell stemness, eventually

resulting in chemotherapy resistance [23,89]. For instance, tumor

ECs overexpress ATP-binding cassette (ABC) transporters (e.g., mul-

tidrug resistance protein 1 and P-glycoprotein), which are associ-

ated with the chemoresistance of tumor cells [90-92]. Besides, it

was reported that resistance to antiangiogenic therapy and an in-

duction of tumor cell stemness could be mediated by proangio-

genic TAMs [93]. Thus, single IP chemotherapeutics used for tu-

mor cells might have limited effects and cannot effectively inhibit

tumor progress, metastasis, and chemoresistance, while the peri-

toneal TME might be a potential therapeutic target.

3. Current strategies for nanomedicine-based IP chemotherapy

The application of nanomedicine-based delivery systems could

combine numerous anti-tumor functionalities in a nanostructure-

based therapy approach to overcome the above challenges, result-

ing in enhanced treatment effect, decreased side effects, inhibited

metastasis and chemoresistance, reduced dosing frequency, and

improved patient compliance [4,40,94]. Current strategies (Fig. 3)

for nanomedicine-based targeting delivery systems are discussed

and summarized below.

3.1. Improving the colloid stability

NPs’ colloid stability in biofluids (e.g., blood and peritoneal

fluid) after administration is critical for their biological activity

maintenance and therapeutic effect. Although some studies on NP’s

colloid stability in the blood have been conducted, relevant inves-

tigations in the peritoneal fluid are scarce. Dakwar et al. system-

atically studied the effects of surface charge and PEGylated on the

colloid stability of liposomes and polystyrene (PS) NPs in mouse

peritoneal fluid, human ascites fluid, and human serum [59]. In

this study, they first determined the content and type of pro-

teins in these three biofluids. The result demonstrates that pro-

tein content is human serum (6244mg/dL) > human ascites fluid

(3296.4mg/dL) > mice peritoneal fluid (183.84mg/dL), and the ma-

jor protein type in the three biofluids is albumin. Then, they inves-

tigated the colloid stability of PS NPs (cationic, PEGylated, and an-

ionic) and liposomes (cationic, 5mol% PEGylated, and 10mol% PE-

Gylated). The results showed that both cationic and anionic non-

PEGylated NPs tend to form large aggregates through binding to

different proteins upon incubation with peritoneal fluids or human

serum, and the aggregation tendency is proportional to the protein

concentration in these biofluids (except for cationic PS NPs, which

show the greatest aggregation in mice peritoneal fluid with the

lowest protein content). Importantly, the result showed that PE-

Gylation has a crucial impact on NPs’ colloid stability in the three

biofluids; a suitable PEGylated degree is necessary to avoid the for-

mation of aggregation in peritoneal fluids, whether cationic or an-

ionic liposomes. In addition, it is worth noting that only consider-
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Fig. 3. Strategies of nanomedicine-based targeting delivery system for IP therapy.

(a–e) Strategies for improving colloid stability, prolonging peritoneal retention time

and achieving sustained release: (a) using the positively charged materials; (b) PE-

Gylated; (c, d) conjugated with bio-adhesive molecules such as chitosan and lectin;

(e) nanoparticles dispersed in hydrogels or polymer solutions. Strategies for tar-

geting tumor tissues: (f–i) nanoparticles modified with antibodies, glycoproteins,

peptides, and lectins, respectively; (j, k) biomimetic nanocarriers such as nanopar-

ticles coated by bio-membranes and loaded in cells or exosomes; (l) nanoparti-

cles composed with stimuli-responsive materials. Strategies for deep penetration

within tumor tissues: (m–o) nanoparticles loaded with drugs that can modulate the

TME, such as vascular normalizing drugs, stroma-degrading drugs, or tumor cells

apoptosis-inducing drugs; (p) decreasing the particle size of nanoparticles. Strate-

gies for combination therapy: (q, r) immunotherapy such as nanoparticles conjuga-

tion with antibodies and loading with small molecule immune drugs; (s) nanopar-

ticles loaded with photosensitizer or photothermal agents; (t) nanoparticles loading

with multiple chemotherapeutics.

ing NPs’ ascites stability is not enough; their good colloidal stabil-

ity in the blood is also important, since following IP administra-

tion, some NPs might enter the systemic circulation through the

lymphatics, which may block capillaries if aggregation occurs.

3.2. Promoting peritoneal retention and tumor tissue penetration

As mentioned above, following IP administration, the determi-

nants involving NPs’ in vivo fate mainly involve their compositions,

physicochemical properties (e.g., particle size, surface charge, PE-

Gylated), and the TME (e.g., proteins, enzymes, stromal cells, the

ECM); all of these can impact their peritoneal retention time and

tumor penetration [40-42].

3.2.1. Prolonging peritoneal retention time

The peritoneal retention time of NPs could be prolonged by

changing their compositions, particle size, surface charge, and sur-

face modification. Some researchers (Table S2) have focused on

the impacts of these factors on NPs’ peritoneal retention, whereas

some different conclusions were reached that might be associated

with the NPs’ types and colloid stability, healthy or diseased ani-

mal models, and the mutual influence between these factors.

If ignoring other factors, only considering the particle size,

larger particles might be beneficial for longer peritoneal reten-

tion and lower systemic absorption. Lu et al. determined the PK

of three paclitaxel formulations with different particle sizes: Cre-

mophor micelles (13nm), gelatin NPs (∼600nm), and PLG mi-

croparticles (∼4μm) [14]. The result demonstrated rapid clearance

of the Cremophor micelles and gelatin NPs (remaining <0.1% after

24h) and much longer retention (also much higher peritoneal con-

centration, 17–700 times) of the PLG microparticles; and in spite

of the 50-times larger particle size, the clearance of the gelatin

NPs is more rapid (approximately 10-times) than the Cremophor

micelles [14]. These confirmed that microparticles have stronger

peritoneal retention ability, and drug release is rate-limiting for

the clearance of small particles (with a size smaller than the lym-

phatic openings) [14]. Moreover, Mirahmadi et al. investigated sev-

eral different-sized neutral liposomes with the same compositions

(100, 400, 1000, and 3000nm) [42]. They indicated that neutral li-

posomes with 1000nm had the greatest peritoneal retention and

level (even more than neutral liposomes with 3000nm), which

might be due to the sediment of 3000nm on abdominal organs

[42]. Though larger particles are beneficial for longer peritoneal

retention, large microparticles are easy to cause abdominal adhe-

sion; hydrogels could overcome this and have been studied in IP

therapy for many years [95-99]. Especially for thermosensitive hy-

drogels, which are temperature-sensitive and could undergo sol-gel

transformation after IP administration, achieving sustained drug

release and being minimally invasive [100]. Shen et al. prepared

a sustained injectable thermosensitive polymer-platinum (IV) con-

jugate hydrogel to co-delivery cisplatin and paclitaxel, which could

sustain drug release for 2.5 months in vitro, exhibiting excellent

anti-tumor efficiency and significant safety compared with the free

drug cocktail in the SKOV3 OC xenograft mouse model [101].

Because of the complex components (e.g., proteins, enzymes,

macrophages) in the peritoneal TME, considering particle size

alone is not sufficient when designing NPs, and compositions,

potential zeta, and surface modification are also associated with

their peritoneal retention and sustained release degree [14,102-

104]. Studies showed that cationic liposomes and lipid-based mi-

cro/nanoparticles have less lymphatic drainage and longer peri-

toneal retention compared with anionic or neutral particles, which

might be associated with the fact that cationic particles can in-

teract with negatively charged peritoneal mesothelial cells and

their aggregation in the peritoneal cavity, as well as the higher

uptake of negatively charged particles by peritoneal macrophages

[4,51,105,106]. Sadzuka et al. investigated the peritoneal reten-

tion, distribution, and therapeutic effect of DOX-encapsulating lipo-

somes with different lipid types, particle sizes, and surface charges

in mouse models with solid tumors outside the abdominal cav-

ity and peritoneal dissemination tumors [49]. The result showed

that larger liposomes had a greater peritoneal retention level and

were more effective against peritoneal dissemination in the ab-

dominal cavity than small liposomes, and lipid composition had

no effect on liposomes’ peritoneal retention and distribution but

on their side effects [49]. Moreover, they indicated that PEG mod-

ification of negatively charged liposomes had no effects on their

peritoneal retention, while PEG modification of positively charged

liposomes might reduce their abdominal retention, which might be

because the abdominal tissues are negatively charged, and the de-

crease in the zeta potential by PEGylation reduced the adsorption

of the cationic NPs by the abdominal tissues [49]. However, it is

worth noting that the outer aqueous phase of the cationic lipo-

somes in this research is 9.0% sucrose-lactate buffer (10mmol/L,

pH 4.0) [49]. Because of the different pH between the outer aque-

ous phase and peritoneal fluid, it is difficult to determine if the

positive surface charge of the cationic liposomes is maintained

when being exposed to the peritoneal physiological environment.

Dadashzadeh et al. studied the effects of liposome composition,

PEG coating, and surface charge on the peritoneal retention time

of liposomes at two sizes of 100 and 1000nm similarly, but came

to different conclusions [50]. They showed that cationic liposomes

have greater peritoneal levels and retention than neutral or anionic

liposomes (cationic liposome composed with DSPC are greater than

those prepared with 1,2-dipalmitoyl-sn–glycero-3-phosphocholine
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(DPPC) and 1,2-dimyristoyl-sn–glycero-3-phosphocholine (DMPC)

[50]. Cationic liposomes at 1000nm have the greatest peritoneal

retention; then there is the positively charged PEGylated small-size

liposome (100nm) that has a more uniform peritoneal distribution,

greater peritoneal retention, slower drug release, and stronger re-

sistance to peritoneal macrophages compared to the cationic con-

ventional small-size liposome; the incorporation of PEG into the

liposomes augmented the peritoneal level of these liposomes, es-

pecially for the anionic liposomes (except for protecting the vesi-

cles against peritoneal macrophages, PEGylation can also decrease

the repulsion between the negative surface of liposomes and the

peritoneal mesothelium) [50].

In addition, the effect of particle size and surface charge on

the NPs’ peritoneal retention may be mutual. For example, a re-

port showed that the effect of size on peritoneal retention was

dependent on the surface charge of liposomes; 100 and 1000nm

negatively charged liposomes were equally rapidly cleared; while

for the cationic liposomes, the 1000nm cationic liposomes had

the greatest peritoneal retention, followed by 100nm cationic li-

posomes [40]. Besides, a report showed that, following IP adminis-

tration, relatively large (>100nm) anionic NPs can be preferentially

taken up by tumor-associated macrophages (TAMs), while particles

that were smaller than 100nm or cationic showed no such ten-

dency [51].

3.2.2. Promoting deep penetration within tumor tissues

To ensure the maximal efficacy of IP chemotherapy, in addi-

tion to the long retention time in the peritoneal cavity, achieving

deep penetration of drugs within tumor tissue (to expose more

central tumor cells to drugs) is also crucial. After IP administra-

tion, nanomedicines or drug molecules penetrate into tumor tissue

mainly through two ways: (1) The minority is systemic circulation

after clearance from the IP cavity; (2) The majority is directly dif-

fusion or convection through the interstitial space within a tumor

mass [14,40]. However, the TME of solid tumors is characterized by

dense stromal tissue (including ECM and stromal cells) and abun-

dant and leaky vasculature systems, which result in a narrow inter-

stitial space, a high interstitial fluid pressure (IFP), and complex in-

teractions between stromal cells and tumor cells, thereby counter-

acting penetration of nanomedicines and drug molecules [40,107].

Currently, there are mainly two strategies for enhancing tumor tis-

sue penetration: one is designing NPs with suitable physicochem-

ical properties, including particle size, surface charge, and surface

modification (PEGylation); the other is regulating the TME, such as

reducing solid tumor stromal density and IFP. Both of these can be

used either alone or in combination.

Studies have demonstrated that NPs of smaller size could pene-

trate tumor tissues more efficiently than larger ones [40]. More-

over, surface charge also has important effects on their tumor

penetration, whereas recent studies about the effect of surface

charge on their tumor penetration are controversial. Several stud-

ies showed that neutral NPs (±10mV or −2∼−5mV) can pene-

trate more deeply and distribute more homogeneously within tu-

mor tissue than charged analogs due to the fact that cationic ma-

terials tend to interact with negatively charged matrix polymers

(e.g., hyaluronan) and anionic materials tend to interact with pos-

itively charged matrix (e.g., collagen), resulting in reduced pene-

tration and homogenous distribution [108-110]. However, Wang et

al. demonstrated that 100nm cationic PEGylated NPs outperformed

their anionic or neutral counterparts in tumor penetration abil-

ity, resulting in their superior treatment efficacy [111]. In addi-

tion to particle size and surface charge, surface modification also

has effects on nanoparticle tumor tissue penetration. As mentioned

above, the PEGylated cation liposome at 100nm demonstrated a

more uniform distribution in the peritoneal cavity compared to the

positively charged conventional liposome [50]. Besides, Lee et al.

showed that the 27nm epidermal growth factor receptor (EGFR)-

modified micelles exhibited reduced tumor penetration compared

to the non-modified micelles due to the “binding site barrier” ef-

fect, that is, specific binding and/or cellular internalization of an-

tibodies by targeted cells halts their penetration in solid tumors

[107,112].

Approaches about adjusting the TME for nanomedicines or drug

molecules deep penetration within tumor tissues mainly include

reducing IFP and depleting tumor stroma, specific for decreasing

vasculatures and debulking ECM and stromal cells in tumor tis-

sues [40,107]. Murakami et al. constructed a docetaxel-conjugate

nanoparticle (Cellax), which could target tumor stroma and per-

form more efficaciously than docetaxel and nab paclitaxel [113].

In this study, Cellax can interact selectively with CAFs (α-smooth

muscle actin (α-SMA) high expression) and be internalized via an

albumin-SPARC (secreted protein acidic and rich in cysteine) de-

pendent mechanism, resulting in the depletion of CAFs, increased

tumor perfusion, decreased tumor matrix, and suppressed tumor

interstitial fluid, compared with other treatments [107,113]. The

anti-stromal effect of Cellax corresponded to the significantly en-

hanced antimetastatic effect, manifesting lung nodules reduced by

7- to 24-fold [113]. Besides, “tumor priming”, a technology that

uses tumor cell apoptosis-inducing agents to expand interstitial

space and/or reduce the IFP, will also promote the penetration

of nanomedicines and drug molecules within tumor tissues [14].

The report showed that tumor priming is tumor-selective owing

to the greater susceptibility of tumor cells to apoptosis compared

with normal cells [14]. Tumor priming with chemotherapeutics

such as paclitaxel and DOX can decrease tumor cell density, ex-

pand interstitial space, decompress tumor vasculatures, and en-

hance extravasation and convection-mediated transport, resulting

in enhanced penetration and dispersion of drug molecules and

NPs in solid tumors [14,114-120]. Based on the above methods

of regulating the TME to promote drug penetration within tumor

tissues, nanomedicine-based delivery systems that simultaneously

deliver TME-regulating drugs and chemotherapeutics or the rel-

evant sequential treatments may be a feasible strategy for can-

cer therapy. In addition, some small molecules with IFP reduction

and tumor stroma depletion ability, such as Bevacizumab (an anti-

angiogenic drug), Imatinib (a prostaglandin inhibitor), and colla-

genase or hyaluronidase (ECM degradation enzymes), can also be

used for TME regulation [40,107,121-123].

3.2.3. Keeping the balance between peritoneal retention and tumor

tissue penetration

When constructing nanomedicine-based delivery systems, the

influence of particle size, surface charge, and other factors on tu-

mor penetration and abdominal retention should be comprehen-

sively considered. It is worth noting that small NPs generally pen-

etrate deeply within tumor tissues with a short abdominal cavity

retention time, while large particles are just the opposite. For this

mission, some strategies might be available: constructing hydrogel-

based sustained release nanocomposites, using bio-adhesive mate-

rials (e.g., chitosan, lectin), or designing stimulus-responsive car-

riers whose physicochemical properties (e.g., particle size, sur-

face charge) can change with the TME or external environment

[105,124-126]. Bio-adhesive NPs are composed of natural biopoly-

mers (e.g., chitosan, gelatin, lectin, dopamine) or synthetic/semi-

synthetic polymers (e.g., hyperbranched polyglycerol, polyacrylic

acid) that could interact with biological substrates to prolong

drug retention time as well as promote particle uptake and local

drug delivery [126,127]. For example, Deng et al. designed a bio-

adhesive nanoparticle that could interact with aldehydes and pro-

teins on mesothelial cells in the peritoneal cavity, significantly ex-

tending its peritoneal retention time and thus enhancing its anti-

tumor efficiency [39]. In addition, the nanoparticle-hydrogel com-
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bination system can also prolong abdominal cavity retention and

promote tumor tissue penetration. Xiao et al. prepared a norcan-

tharidin NPs and oxaliplatin co-encapsulating thermosensitive hy-

drogel nanocomposite for IP administration, which could prolong

peritoneal retention and allow drug sustained release, resulting in

significant anti-tumor efficiency [128].

3.3. Combination therapy, targeting tumor cells and the TME

In addition to extending retention time and enhancing tu-

mor tissue penetration, combination therapy can also be achieved

by nanomedicine-based delivery systems that can be designed

to deliver various drugs with different physicochemical proper-

ties (e.g., hydrophilic, hydrophobic) or pharmacological mecha-

nisms (e.g., apoptosis-promoting, anti-angiogenesis, immunoregu-

lation). The combination of multiple chemotherapeutics or treat-

ments can overcome the defects of monotherapy, effectively inhibit

tumor progression and metastasis, and reduce the generation of

chemotherapy resistance. Besides, as mentioned above, IP TME is

associated with OC IP metastasis and chemoresistance. Therefore,

nanomedicine-based IP delivery systems for targeting peritoneal

tumor cells and TME will be a feasible and promising chemother-

apy strategy. Meanwhile, it is of importance that the combination

therapy takes into account the physicochemical properties of drugs

and their PK and tissue distribution after IP administration, as well

as the TME (e.g., biological barriers), so as to produce synergistic

effects and avoid significant adverse effects. In the following sec-

tion, we will discuss the relevant strategies for targeting OC cells

and the TME. Due to the limited research on the IP delivery of

tumor cells and TME-targeting nanomedicine-based delivery sys-

tems in OC therapy, relevant research on targeting other cancers

and the TME through intravenous or subcutaneous administration

is also introduced, which may have implications or the potential to

be applied in OC IP therapy.

3.3.1. Targeting tumor cells

Nanomedicine-based delivery systems could passively or ac-

tively target tumor sites without affecting the functions of healthy

tissues and organs. Traditional passive targeting involves the en-

hanced permeability and retention (EPR) effect, and active target-

ing associates with the ligand-receptor interactions [129,130]. In

OC peritoneal metastasis cancers, tumor lesions differ in size and

location with poor vascularization and blood perfusion, which is

incapable of conforming to the EPR effect, and the peritoneal-

plasma barrier also prevents NPs from taking advantage of the EPR

effect [4,131]. However, active targeting strategies might play sig-

nificant roles in IP chemotherapy since IP administration brings

the drugs directly to the peritoneal cavity and because of the

lower protein content and macrophages in the peritoneal fluid,

both of which reduce their tendency to bind to plasma proteins

and blood cells, increasing the chance of carrier contact with tu-

mor cells and reducing the risk of drug off-target, which is more

efficient than intravenous active targeting [129,132]. Moreover, ac-

tive targeting can allow specific recognition of the receptors on tar-

get sites, thus enabling better delivery efficiency and safety [133].

Nanomedicine-based active targeting delivery systems could be

NPs or biomimetic nanocarriers modified by surface-specific lig-

ands (e.g., antibodies, aptamers, glycoproteins, lectins, peptides) to

recognize cellular overexpressed receptors and/or take advantage

of the intrinsic properties of carrier cells (e.g., homotypic target-

ing, adhesion to tumor cells, tumor homing capability, long-term

circulation) [13,130,134,135].

Currently, various ligands that target specific or overexpressed

elements on OC cells have been modified on NPs (Table S3 in Sup-

porting information) [24,27,136-153]. Folate receptors are overex-

pressed in OC cells and are rarely found in healthy cells, which

makes αFR (folate receptor) antibody one of the most com-

mon ligands targeting OC cells [13]. Corbin et al. prepared αFR-

antibody-targeted high-density lipoprotein NPs (HDL NPs) for near-

infrared fluorescent imaging of peritoneal metastatic OC. The re-

sults demonstrated that IP administration of FR-α-targeted NPs

could selectively target OC cells, resulting in enhanced therapy ef-

ficacy and safety compared with intravenous administration [154].

In addition to directly modifying ligands on NPs, biomimetic

nanocarriers with or without ligand modifications are also ef-

fective tumor-targeted drug delivery systems; various cell mem-

branes have been used for nanoparticle coating (e.g., erythrocyte

membrane, platelet membrane, leucocyte cell membrane, stem cell

membrane, immune cell membrane, cancer cell membrane, and fi-

broblast membrane), as well as extracellular vesicles such as ex-

osomes [134,135,155]. However, up to now, studies on the appli-

cation of biomimetic nanocarriers to IP drug delivery are scarce,

most of which are used for systemic administration or other meth-

ods (e.g., intra-tumoral injection) [156-159]. Qian et al. prepared an

injectable hydrogel-encapsulating paclitaxel-loaded red blood cell

membrane nanoparticle for local chemotherapy (Fig. S1A in Sup-

porting information) [158]. The combination of red cell membrane

NPs and hydrogel significantly prolonged drug retention time lo-

cally, and due to the encapsulation of the cell membrane, the ther-

apeutic effect at tumor sites and safety were greatly improved

[158].

Additionally, a stimulus-responsive nanomedicine-based deliv-

ery system could also be employed to indirectly target tumor cells.

Through specific materials or the surface conjugation of stimuli-

responsive moieties, the physicochemical properties (e.g., particle

size, surface charge, shape) of the stimuli-responsive NPs could

be changed (e.g., size change, surface charge reversal, ligand hid-

den or exposed) under intrinsic (involving pH value, redox po-

tential, enzyme concentration, and GSH concentration in the TME)

or extrinsic (including temperature, light, etc.) stimuli, resulting in

tumor tissue targeting accumulation and drug’s spatiotemporally

and quantitatively specific release [4,129,133]. Therefore, compared

to conventional NPs, stimulus-responsive nanomedicines can suc-

cessfully decrease drugs’ release tendency in normal tissues and

maintain drug concentrations in tumor cells for a more extended

period, enabling obvious clinical advantages [160]. Li et al. de-

signed matrix metalloproteinases (MMPs) and adenosine triphos-

phate (ATP)-responsive DOX-loaded nano-micelles (PCL-DNA/DOX-

Peptide-PEG), which exhibit significantly enhanced cellular up-

take levels compared with free drug in mouse ovarian epithe-

lial tumor cells (ID-8) [161]. Fu et al. designed a reactive oxygen

species (ROS)-responsive composite nano-hydrangea loaded with

allicin and platinum (IV) prodrug (DTP@AP NPs) for comprehen-

sive chemosensitization [162]. In this study, DTP@AP NPs can pref-

erentially accumulate in tumor sites through the EPR effect fol-

lowed by tumor cell uptake, then allicin and platinum (IV) pro-

drugs were responsively released triggered by tumor ROS for syn-

ergistic chemosensitization and tumor cell apoptosis, eventually

resulting in marked tumor suppression and reduced side effects

in an OC patient-derived tumor xenograft model [162]. Besides,

Wang et al. designed a functional enzyme infrared QDAU5 NPs

(FEIRQ NPs), which degraded under the high concentration of glu-

tathione (GSH) in the TME, then β-galactosidase (β-Gal) and EQ

were released [163]. The biological evaluation results indicated that

FEIRQ NPs could induce ferroptosis, endoplasmic reticulum stress,

and antigen pre-conditioning and maturation of dendritic cells and

CD8+ T cells, leading to excellent antitumor efficacy in the ab-

sence of cytotoxic drugs; and FEIRQ NPs also showed high fluo-

rescence intensity upon exposure to the β-Gal enzyme expressed

in OC, enabling real-time monitoring of therapeutic effects [163].

For more research about stimulus-responsive nanomedicines (also

7



B. Liu, Z. Liu, P. Wang et al. Chinese Chemical Letters 36 (2025) 110229

called self-adaptive nanomaterials), please see a review by Yang et

al. [160].

Moreover, in order to avoid off-target effect and achieve bet-

ter targeting efficiency, combinations of multiple strategies were

developed, such as dual targeting NPs and stimuli-responsive

nanocarriers modified with bio-membranes or ligands [133,164].

Yan et al. developed DOX-loaded CD44 and folate receptor dually

targeted NPs based on a direct conjugate of HA and folic acid

(HA/FA-NP-DOX) [165]. In this study, HA/FA-NP-DOX possessed

high selectivity to both CD44 and FR, resulting in strong killing of

CD44 and FR-positive SKOV3 cells while low toxicity against CD44

and FR-negative L929 fibroblast cells, and the in vivo studies re-

vealed the significant elevated tumor accumulation and survival

benefits of HA/FA-NP-DOX compared to free DOX (Fig. S1B in Sup-

porting information) [165]. Simón-Gracia et al. prepared an iRGD

peptide (target transmembrane glycoprotein neuropilin 1 (NRP-1)

and αvβ3 integrins (overexpressed in tumor cells)) conjugated pH-

sensitive polymersome for paclitaxel IP delivery, which demon-

strated enhanced tumor selection and penetration, contributing

to enhanced inhibition of peritoneal tumor growth and local dis-

semination compared to the pristine paclitaxel-polymersomes or

Abraxane (Fig. S1C in Supporting information) [4,164]. Gong et

al. constructed a pH-responsive nanoparticle (H/D@FA-CaP NPs)

in which hemin and cisplatin were encapsulated in hydrophobic

1,2-distearoyl-sn–glycero-3-phospho-ethanolamine (DSPE) to form

a tight core, hydrophilic polyethylene glycol 2000 (PEG 2000) and

calcium phosphate formed the outside shell, and FA was modified

on the surface of NPs [142]. In this study, folic acid (FA) modifi-

cation could target OC cells; hemin could inhibit BACH1 as well

as down-regulate CD47, promoting the apoptosis of tumor cells

and inducing phagocytosis of tumors by macrophages; and hemin

also has a synergistic effect with cisplatin to promote apopto-

sis of tumor cells [142]. Besides, Zheng et al. developed a DOX-

loaded cRGD-decorated pH-responsive polyion complex (PIC) mi-

celle [143]. In this study, due to cRGD decoration, PIC micelles

could actively target tumors through the specific recognition of

αvβ3integrin on the membrane of tumor cells, and then DOX was

released under an intracellular acidic microenvironment after be-

ing internalized by tumor cells. The tumor active-targeting and

TME stimulation-response eventually resulted in enhanced inhibi-

tion efficacy toward hepatoma and reduced side effects compared

with the insensitive controls [143].

In addition to the targeting strategies mentioned above, a novel

spatiotemporally targeted method has emerged. Yang et al. de-

signed a spatiotemporally targeted polycystine-based nanoantidote

that served as a neutralizer of cisplatin to decrease its toxic-

ity without affecting its anticancer efficacy [166]. The nanoanti-

dotes were administered before cisplatin (CDDP), which can se-

lectively accumulate in the liver and kidney, and then firmly

bound to CDDP during subsequent chemotherapy. The nanoanti-

dotes and two-step administration strategy could maintain the an-

ticancer efficacy of CDDP after reducing systemic toxicity, hav-

ing great potential for expanding the clinical application of CDDP

[166].

3.3.2. Targeting IP TME (or both TME and tumor cells)

The stromal cells and ECM in the intraperitoneal TME of OC can

generate high-density matrix barriers, blocking the infiltration of

chemotherapeutics, oxygen, and immune cells [167]. Besides, stro-

mal cells with pro-tumor phenotypes could promote the develop-

ment of tumor cells and affect angiogenesis and immune effects,

ECM also plays important roles in stabilizing the typical tissue

structures and regulating the cells’ behaviors, both of which are

associated with tumor progression, metastasis, and therapy resis-

tance [7,168-173]. Moreover, since the identification of specific tar-

gets in tumor cells might fail due to intrinsic genomic instability,

TME is emerging as an attractive target for nanomedicine-based

delivery systems [174]. Thus, in the following sections, we will dis-

cuss the nanomedicine delivery strategies targeting these stromal

cells and the ECM.

(1) Targeting CAFs

In addition to the pro-tumor effects, CAFs comprise a large por-

tion of tumor mass and are more stable and uneasy to develop

into chemoresistance [175]. All of these indicate CAFs are attractive

targets for OC therapy. Currently, strategies about targeting CAFs

for cancer therapy mainly include two aspects: one is the inhibi-

tion of the signaling pathways between CAFs and tumor cells or

other stromal cells to improve the sensitivity to antitumor treat-

ments; the other is inhibiting the production of ECM by CAFs to

reduce the solid pressure and IFP, promoting the diffusion and

deep penetration of drugs in tumors [176,177]. Detailed strategies

for nanomedicine-based CAFs targeting are discussed in Section 2.1

(Supporting information).

(2) Targeting ECs and angiogenesis

Currently, targeting ECs and angiogenesis for antiangiogenic

therapy has been a frequently applied strategy for OC treatment

with various advantages: (i) Directly binding to their receptors af-

ter treatment (for systemic administration); (ii) the genetic sta-

bility of ECs reduces the potential risk of therapy resistance; (iii)

most of ECs markers are expressed whatever the tumor type,

involving an ubiquitous approach and a broad application spec-

trum [178,179]. Conventional anti-angiogenic agents such as mon-

oclonal antibodies (mAbs), small-molecule inhibitors, and fusion

proteins (e.g., Bevacizumab, Ramucirumab) could inhibit angiogen-

esis and tumor growth. However, these agents are not always lead-

ing to therapeutic breakthroughs, and in some cases, are associ-

ated with toxicity, instability, and the generation of a relative hy-

poxic TME and therapy resistance [180-182]. Therefore, some new

therapeutic strategies have been developed, including enhancing

the safety and stability of anti-angiogenic agents, combining anti-

neovascularization with chemotherapy or immunotherapy, or nor-

malizing the structure and function of vessels [182]. In this context,

serval nanomedicine-based delivery systems have been developed

for anti-angiogenic therapy, including lipid-based, polymeric, and

inorganic NPs, which can effectively function as anti-angiogenic

drug carriers or have intrinsic anti-angiogenic properties [182]. De-

tailed strategies for nanomedicine-based ECs and angiogenesis tar-

geting are discussed in Section 2.2 (Supporting information).

(3) Targeting TAMs

As one of the most abundant immune cells in the TME of OC

associated with tumor progression, angiogenesis, metastasis, and

therapy resistance, TAMs, especially M2-like TAMs, are becoming

an attractive target for OC therapy. Relevant strategies mainly in-

clude inducing TAMs ablation (survival interference via inhibiting

the CSF1-CSF1R signaling pathway, such as anti-CSF1R mAbs), lim-

iting TAMs recruitment (inhibiting the CCL2-CCR2 signaling path-

way, such as anti-CCL2 antibodies), and reprogramming (repolar-

izing TAMs from an M2 to M1 phenotype, such as Toll-like recep-

tor (TLR) agonists) [183-188]. Detailed strategies for nanomedicine-

based TAMs targeting are discussed in Section 2.3 (Supporting in-

formation).

(4) Targeting MDSCs and Tregs

MDSCs are vital immune cells in the TME of OC, which are

associated with tumor progression, metastasis, and chemoresis-

tance, as well as contributing to the formation of the immuno-

suppressive TME. Consequently, targeting MDSCs has emerged as

8
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a research focal point, and the major strategies focus on de-

pleting the MDSCs, inhibiting their immunosuppressive activity,

blocking recruitment and expansion, and inducing differentiation

[189]. Moreover, the depletion of Tregs to regulate the TME is

also an attractive therapeutic direction for OC therapy. Recently,

lots of studies have demonstrated the immunotherapeutic effect of

Tregs-targeting nanomedicine strategy [190]. Detailed strategies for

nanomedicine-based MDSCs and Tregs targeting are discussed in

Section 2.4 (Supporting information).

(5) Targeting ECM

Studies focused on using collagenase and hyaluronidase to de-

grade collagen against cancer progression are in development,

and various nanomedicine delivery systems that transport ECM-

degrading agents targeting the ECM in tumor tissues have been

constructed. Detailed strategies for nanomedicine-based ECM tar-

geting are discussed in Section 2.5 (Supporting information).

4. Ongoing clinical studies for nanomedicine-based IP

chemotherapy

Currently, 14 nanomedicines have been approved for systemic

administration of cancer treatment, but none for IP chemother-

apy [4,191]. Fortunately, with the understanding of IP chemother-

apy and the development of nanomedicine-based delivery sys-

tems, lots of nanomedicine-based delivery systems are being de-

signed and studied for IP therapy. Despite this, currently only four

nanomedicine-based IP therapies have entered clinical trials; all of

these are for peritoneal cancers or other cancers with peritoneal

metastasis. Details of the four clinical trials are discussed in Sec-

tion 3 (Supporting information).

5. Conclusion and future perspectives

CRS, followed by platinum-based chemotherapy, is the stan-

dard treatment for OC and its peritoneal metastasis or other peri-

toneal cancers. Multiple studies have shown that IP chemotherapy

has clinical benefits in peritoneal cancer patients compared with

intravenous therapy. However, there are no products specifically

designed or approved for IP therapy, and the current practice is

the off-label use of drugs designed for intravenous therapy. Conse-

quently, some problems followed, such as short retention of drugs

in the abdominal cavity, high drug exposure in a short time, a lack

of tumor tissue targeting, inadequate penetration within tumor tis-

sues, and chemoresistance, eventually resulting in severe gastroin-

testinal toxicity and reduced efficacy. Therefore, reasonable designs

of drug delivery systems are necessary for IP chemotherapy. Fur-

thermore, rational drug delivery systems are inseparable from the

understanding and control of their in vivo fate, which is crucial for

their design and clinical translation and is associated with drug

carriers’ physicochemical properties and peritoneal physiological

environment. Therefore, studies on the in vivo fate of drug carri-

ers following IP delivery are also important for the development of

IP chemotherapy.

The optimal delivery system for IP therapy should have a long

peritoneal retention time or sustained release, specifically target

tumor tissues, and penetrate deeply within the tumor mass, which

can maintain stability under a normal peritoneal physiological en-

vironment and rapidly degrade and release drugs at tumor sites.

Besides, due to the complex pathological mechanisms of tumors

and the pro-tumoral components in the TME, multi-drug or multi-

therapy combinations are also necessary. Nanomedicine-based IP

targeting delivery systems can well address the above problems

and needs of IP chemotherapy. It’s worth noting that the IP TME

plays vital roles in the progression, metastasis, and chemoresis-

tance of peritoneal cancers. Thus, nanomedicine-based delivery

systems dually targeting tumor cells and the TME might have bet-

ter therapeutic effects than single anti-tumor chemotherapy drugs,

which is a feasible direction.

Moreover, nanomedicine-based IP targeting delivery systems

could be applied not only in conventional IP chemotherapy (in-

traperitoneal chemotherapy (IPEC) or hyperthermic intraperitoneal

chemotherapy (HIPEC)), but also in the new IP chemotherapy

technologies, such as depot systems (e.g., hydrogel) and PIPAC.

Thermosensitive hydrogels are temperature-sensitive and can un-

dergo sol-gel transformation after IP administration, achieving sus-

tained drug release and being minimally invasive, the nanoparticle-

thermosensitive hydrogel combination system can achieve the

functions mentioned above. In addition, because of the prolonged

peritoneal retention time, IP catheter might be avoided, thus pa-

tients’ compliance and quality of life can be significantly im-

proved. PIPAC also has many advantages compared to conventional

IP chemotherapy, including homogeneous drug distribution, en-

hanced tumor penetration, decreased dosing, and improved patient

compliance and quality of life. The combination of nanomedicine-

based IP targeting delivery systems with these new IP chemother-

apy technologies could play synergistic roles to further improve ef-

ficacy and safety, which is a promising direction for IP chemother-

apy and its combination with other treatments such as anti-

angiogenesis and immune therapies used for OC and its peritoneal

metastasis or other peritoneal cancers.
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