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The appearance of chemoresistance in cancer is a major issue. Themain barriers

to conventional tumor chemotherapy are undesirable toxic effects andmultidrug

resistance. Cancer nanotherapeutics were developed to get around the

drawbacks of conventional chemotherapy. Through clinical evaluation of

thoughtfully developed nano delivery systems, cancer nanotherapeutics have

recently offered unmatched potential to comprehend and combat drug

resistance and toxicity. In different design approaches, including passive

targeting, active targeting, nanomedicine, and multimodal nanomedicine

combination therapy, were successful in treating cancer in this situation. Even

though cancer nanotherapy has achieved considerable technological

development, tumor biology complexity and heterogeneity and a lack of full

knowledge of nano-bio interactions remain important hurdles to future clinical

translation and commercialization. The recent developments and advancements

in cancer nanotherapeutics utilizing a wide variety of nanomaterial-based

platforms to overcome cancer treatment resistance are covered in this article.

Additionally, an evaluation of different nanotherapeutics-based approaches to

cancer treatment, such as tumor microenvironment targeted techniques,

sophisticated delivery methods for the precise targeting of cancer stem cells,

as well as an update on clinical studies are discussed. Lastly, the potential for

cancer nanotherapeutics to overcome tumor relapse and the therapeutic effects

and targeted efficacies of modern nanosystems are analyzed.
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Introduction

During the last decade, cancer immunotherapy is a

promising tool in the battle against cancer. Tumor

immunotherapy, in contrast to conventional treatments,

primarily targets immune cells. It stimulates the body’s

immune response by preventing harmful immune regulatory

factors and improving immune cells’ capacity to identify tumor

cell surface antigens and eradicate tumor cells (1). According to

reports, immunotherapy has a number of benefits, including

improved effectiveness, less side effects, and the ability to inhibit

tumor relapse (2). Numerous new immunotherapies have been

created in quick succession in recent years thanks to a deep

understanding of the processes by which tumors elude the

immune system (3). However, clinical applications of cancer

immunotherapy are still very limited and are primary based on T

cell-mediated immunity (4). The main disadvantages of

immunotherapy regimen include low patient response rates

and severe immune-related adverse effects (5, 6). This

drawback can be attributed to the high tumor heterogeneity

and immunosuppressive tumor microenvironment which

amplify tumor burden (7, 8). Nanotechnology provides an

alternative strategy for tumor-targeted therapy. In the last

years, recent advances in materials science and nano-

biotechnology have revolutionized drug development and

research (9, 10). Tumor nanotherapy presents new

opportunities against cancer-related drug resistance and tumor

recurrence. Especially, recent nanotherapeutics-based

approaches can overcome the restraints of conventional tumor

immunotherapies (11–13). Since the production of the first

tumor immunotherapy drug (IFN-a) and the latest

immunotherapy regimes like checkpoint inhibitors (PD-L1,

CTLA-4), CAR T cell therapy, tumor vaccines and oncolytic

viruses, nanotherapy has become a new exemplar for clinical
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cancer treatment (14–16). In this review, the recent progress of

nanomedicine engineering for combinational tumor-targeted

immunotherapy is summarized with emphasis in existing

challenges, and future perspectives in the field.
Nanodrug-targeted tumor
immunotherapy

Compared with the traditional chemo/immunotherapy

scheme, modern nanocarriers display several advantages like

increased bioavailability, lower toxicity, improved solubility and

enhanced targeting (17, 18). Since the early discovery of

liposomes in 1961, Doxorubicin was the first liposome

nanodrug to be approved by FDA in 1994 (19) (Figure 1).

Currently numerous nanodrugs are under clinical trials for

diagnosis, treatment, and prevention of tumors as well as

autoimmune or neurodegenerative diseases (20, 21). Both

enhanced drug targeting and increased drug efficacy of

nanodrugs can improve drug accumulation at the tumor site

due to their unique high permeability and long retention (EPR)

effect (22–24). The EPR effect has been recognized as a limitation

in clinical tumors. In fact, several strategies directed to assist the

accumulation of nanocarriers beyond the levels of EPR effect,

which can promote the efficacy of immunotherapeutics are being

considered (25). Failure of chemo/immunotherapy due to

difficulty in penetrating the blood–brain barrier (BBB) and low

therapeutic index are also critical issues for therapeutic regimens

(26, 27). In addition, drug resistance due to tumor heterogeneity,

and the immunosuppressive hypoxic tumor microenvironment

impacts patients’ quality of life and creates a huge healthcare

burden (28, 29). Hence, to overcome these limitations of

conventional chemotherapy novel nanotherapeutic platforms

were employed for efficient cancer therapy (30–32).
FIGURE 1

Major advances in cancer nanotherapeutics and drug delivery systems. Reproduced with permission from Ref (11). Copyright 2022, Elsevier.
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Nanotherapy in tumor targeting

Cancer nanotherapeutics can be employed for the efficient

targeting of tumor cells enabling passive targeted drug delivery

(Figure 2) (33, 34). Furthermore, the functional or structural

modification of the nanocarriers can reduce the off target rate

and enhance drug circulation time, improve drug stability

and solubility (35, 36). In addition to cancer treatments,

drugs based on nanotechnology have important potential

implications for imaging diagnostics and prognosis of many

tumors that are drug-resistant (37, 38). By targeting the tumor

microenvironment (39), nanotherapeutics, have exhibited

great potential in recent years due to the use of siRNA/

miRNA interference techniques (10), exosome-based delivery

systems and self-assembly prodrug (SAP) method. In addition,

nano therapies can also target specific components of the

tumor microenvironment like integrins and CSCs, especially

in chemoresistant relapsed tumors (40, 41).
Controlled drug delivery

To accomplish the intended treatment outcome, controlled

drug delivery systems (DDS) distribute therapeutic compounds

to specified target cells, tissues, or organs in a pre-designed and

controllable manner (35). Traditional drugs have limited

intestinal permeability, low solubility, and poor absorption; as

a result, they have low bioavailability and considerable

variability. In nanotherapeutics, researchers use hydrogels and

nanoparticles to achieve their goals because proteins and

peptides frequently have a short half-life in serum (42).
Frontiers in Oncology 03
Controlled drug release can be attained by actively targeting

particular locations, altering drug release kinetics, and/or

inducing drug release in physiological conditions that are

specific to different tissues (43). Conventional DDSs have

significant disadvantages, such as systemic application and the

possibility that they degrade or become inactive before acting,

which could lead to an inadequate dose reaching the target site

(44). Traditional TDDSs (transdermal DDSs) may be regarded

as targeted because they can be applied close to the intended site

of action, but their pharmacological behaviors are not precisely

self-controlled due to low skin permeability or their inability to

penetrate the (SC) stratum corneum, for example, by

hydrophilic drugs, uncontrolled drug diffusion, and non-

specific targeting. Additionally, depending on their

physicochemical qualities, any added excipients, the structure

and thickness of the skin, the delivery efficiency, or the

penetration and absorption of active pharmaceutical

ingredients (APIs), is frequently limited (45). Because they

significantly increase the effectiveness and control of drug

delivery, MN-based controlled TDDS are able to overcome

these problems. The ease of self-administration and

painlessness of MN-systems can provide exact localization of

the drug with reduced dose frequency, which increases patient

compliance. Thus, they can be utilized to keep constant the drug

concentrations in tissues, blood, and particular target areas (46).
Targeting the TME

The tumor microenvironment (TME) is a key factor in the

development of tumor heterogeneity and disease pathology
FIGURE 2

Several cancer nanotherapeutic strategies are employed for the efficient targeting of tumor cells. Reproduced with permission from Ref (29).
Copyright 2022, Elsevier.
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(47, 48). Drugs cannot penetrate the tumor tissue due to the

heterogeneity of TME and its constituent cells, interstitial fluid,

and ECM, which function as physical barriers (49, 50). As a

result, distinct gradients in drug concentrations and cell

proliferation can affect the sensitivity of tumor cells to

treatment (51). Drugs used for cancer treatment are resistant

to this mechanism. Multiple drug resistance (MDR) offers

significant unresolved issues in cancer chemotherapy, and

roughly up to 70% of patients experience tumor relapse issues

as a result of MDR (52). Through a number of mechanisms,

including cell-cell and cell-ECM interactions, crosstalk between

various cell types, phenotypic alterations, mechanosensing

variation, and protective dormancy, TME and its components

trigger and promote drug resistance (53, 54). Furthermore,

infiltration of immunosuppressive cells inside the TME

(Figure 3), like cancer-associated fibroblasts, MDSCs, cancer-

associated vascular endothelial cells, pericytes, lymphatic

endothelial cells (LECs), and CSCs supports the heterogeneity

of the TME (56). In addition hypoxia, that creates an acidic

environment, the extracellular matrix, cytokines, growth

hormones, and vascular networks establish prolonged

immunosuppression inside the TME. These key components

of the TME foster a favorable and permissive environment for

the growth of cancer cells (57). For example, leaky vasculature,

insufficient vascular perfusion, an acidic environment, abnormal

pH dynamics, altered enzyme expression, altered metabolism,

and hypoxic conditions are just a few of the traits that TME

employs to set up the tumorigenic mechanism (58).
Frontiers in Oncology 04
Photothermal therapy

In photothermal therapy (PTT), cancer cells are killed by the

created heat of exposing photothermal agents to light. Due to its

noninvasiveness, high spatiotemporal precision, ease of usage, and

flexibility of light sources, PTT has demonstrated considerable

potential for the treatment of cancer (Figure 4) (60, 61). As a

result, PTT frequently exhibits remarkable selectivity and

specificity for malignant cells without obviously harming

neighboring healthy tissues. It is well known that nanoparticles

exhibit distinctive magnetic and optical properties. These

characteristics have led to the observation that nanoparticles can

increase the temperature of cancer cells by absorbing near-

infrared light (NIR), electromagnetic waves, and radiofrequency

waves (RW) (62). Nanoparticles have the ability to remotely and

locally heat tumor cells. Due to their tiny size, biocompatibility,

dispersibility in biocompatible solvent, bioavailability, and ability

to generate heat when activated externally, nanoparticles are

advantageous for thermal treatments in biological systems (63).

Thermal therapeutic applications have been reported to use a

variety of nanoparticle formulations. Broadly speaking, they can

be divided into magnetic and non-magnetic nanoparticles. The

majority of PTT nanodrugs absorb light in the visible (400-700

nm) or near-infrared (NIR) (700-1,350 nm) ranges. Diode lasers

(630-1,100 nm), dye lasers (390-1,000 nm), alexandrite lasers

(720-800 nm), and neodymium-doped yttrium aluminum

garnet (Nd : YAG) lasers (1,064 nm) are suitable lasers that

may excite these substances.
FIGURE 3

Targeting immunosuppressive cells inside the tumor microenvironment is vital for modern nanomedicine-based immunotherapy. Reproduced
with permission from Ref (55). Copyright 2022, Elsevier.
frontiersin.org
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Immunogenic cell death

Immunogenic cell death (ICD), also known as immunogenic

apoptosis, is a type of cell death that triggers a controlled

immunological response. ICD promotes antitumor immune

signaling against a variety of solid tumors in addition to

directly killing tumor cells. Such methods for producing

vaccine-like properties could be utilized to encourage an

immunogenic, “hot” tumor microenvironment to develop

from a “cold” tumor milieu, increasing patient response rates

and producing positive therapeutic effects. ICD is characterized

by the release of TAAs, DAMPs, and pro-inflammatory

cytokines that make it easier for TAAs to be presented to

adaptive immune cells and trigger an immunological reaction

specific to an antigen. For example, in syngeneic animal models,

Doxil enhances antitumor responses by cooperating with cancer

immunotherapies (64). When combined with anti-PD-L1, doxil

therapy enhanced the percentage of CD8+T cells that infiltrated

tumors while decreasing the percentage of regulatory T cells

Doxil treatment boosted mature dendritic cells’ expression of

CD80 in the tumor indicating that Doxil may cause these tumor-

infiltrating cells to develop a costimulatory phenotype that can

stimulate an anticancer T-cell response. Recently, PTEN-

negative glioblastoma (GBM) is eradicated with anti-PD1

therapy assisted by Epirubicin-loaded nanosomes. By

converting cold GBM into hot tumors with high infiltration of

antitumor immune cells through the induction of ICD, removal

of immunosuppressive MSDCs, and reduction of PD-L1

expression on tumor cells, the combination of epirubicin-

loaded micelles with aPD1 eliminated GBM resistance to

ICI (65).
Frontiers in Oncology 05
CSC-based nanotherapy

Tumor heterogeneity is a major barrier to cancer therapy

because the majority of tumors contain different cell types that

respond differently to chemotherapy (66). CSCs, which regulate

the tumor microenvironment and exhibit self-renewal ability,

invasiveness, and high tumorigenicity, are one of the critical

factors responsible for tumor heterogeneity (67). In recent years,

prospective nanotherapeutic strategies for targeting CSCs have

included critical factors required for CSC survival in the tumor

microenvironment, such as specific surface biomarkers (ALDH,

CD44, CD133, EpCAM), drug efflux pumps like the ABC

transporters, various metabolic routes, and stem cell signaling

pathways (Hedgehog, Notch, Wnt). Lately, engineered novel

nanoparticles co-loaded with retinoic acid and the

chemotherapeutic drug camptothecin could efficiently

overcome the chemotherapeutic resistance of CSCs. When all-

trans retinoic acid is released, leads to CSC differentiation in the

hypoxic TME. This dual strategy allows for controlled drug

release in CSCs while also reduces stemness-related drug

resistance, improves chemotherapeutic response and prevents

post-surgical tumor relapse and metastasis in breast tumor

mouse models (68). In addition, doxorubicin-encapsulated

polymeric nanoparticle surface-decorated with chitosan can

specifically target the CD44 receptors of tumor reinitiating

cancer stem-like cells which are responsible for cancer

recurrence. This nano design strategy increases the cytotoxicity

of the doxorubicin by six times in comparison to the use of free

doxorubicin and eliminates CD44+ cancer stem-like cells

residing in 3D mammary tumor spheroids (69). Another

research group, used riboflavin-loaded intracellular vesicles
FIGURE 4

Photothermal and Photodynamic therapy can improve antitumor immune responses and increase tumor immunogenicity. Adapted with
permission from Ref (59). Copyright 2021, Dove Press.
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coated with the ATP binding cassette ABCG2 to specifically

target CSCs and found a higher accumulation of riboflavin

within the cytoplasm due to specific recognition properties

(70). An additional study used pH responsive/hypoxia

responsive riboflavin linked to three-pronged nanoparticles to

target both tumor cells and CSCs. These nanosomes can

efficiently eliminate differentiated cancer cells, CSCs, and

vascular niches for synergistic inoperable tumor therapy. In

order to kill those three cell types simultaneously, drugs

irinotecan (Ir), cyclopamine (CP), and erlotinib (ET) targeting

differentiated cancer cells, CSCs, and endothelial cells of the

vascular niches are used (71).
Micro-RNA targeting

During the last decade, RNA-based therapeutics represent

an attractive approach for the treatment of cancers, as well as

many other diseases and support approaching ‘‘undruggable’’

targets (72). As emerging gene regulators, miRNA-based cancer

therapeutics have enormous implications in cancer

pathophysiology. MiRNAs are small, noncoding RNAs that

control gene expression from cell growth and differentiation to

apoptosis, and tissue development (73). Deregulation of

miRNAs expression can trigger cellular transformation, altered

metabolism, and carcinogenesis (74). MiRNAs’ differential

expression in tumor-related tissues allows them to target a

wide range of transcripts involved in cancer signaling

pathways. Due to their dual roles as tumor suppressors and

oncogenic miRNAs, miRNAs have the ability to modify a

number of signaling pathways involved in cancer and

metastasis via the transcriptional effect (75). As a result,

miRNAs can be targeted in cancer therapies either as artificial

anti-miR sequences for miRNAs that are upregulated or as

miRNA mimics for miRNAs that are downregulated. In this

situation, miRNAs may be repressed to activate tumor

suppressor genes or weaken genes that prevent apoptosis (76).

Recently, a nano formulation was created that uses

biodegradable porous silicon nanoparticles (pSiNPs) to

encapsulate an anti-miR-21 locked nucleic acid payload and

display a tumor-homing peptide for targeted delivery in order to

create an enhanced anti-miR therapeutic agent for the treatment

of ovarian cancer (77). On a variety of ovarian cancer cell lines,

targeting effectiveness, miR-21 silencing, and anticancer activity

are all optimized in vitro. A formulation of anti-miR-21 in a

pSiNP exhibiting the targeting peptide CGKRK is used for in

vivo evaluation. When this nanoparticulate material is

administered in tumor xenograft mice, the silencing of miR-21

results in a significant suppression of tumor growth. The therapy

of ovarian cancer in a mouse xenograft using tumor-targeted

anti-miR porous silicon nanoparticles is demonstrated in this

study. Researchers have developed developed a peptide-based

surface-fill hydrogel (SFH) that can be injected or sprayed
Frontiers in Oncology 06
directly onto surface tumors after surgery or as a primary

therapy. Once used, SFH has the ability to adjust shape in

response to changes in tissue morphology that might take

place during surgery. Nanoparticles made of microRNA

(miRNA-215 and miRNA-206) and intrinsically disordered

peptides are released by implanted SFH and infiltrate cancer

cells to lessen their oncogenic hallmark. Four preclinical models

of mesothelioma respond to a single application of SFH,

suggesting the therapeutic value of local tumor-specific

microRNA therapy (78).
Exosome signaling

Exosomes are a subclass of cell-derived extracellular vesicles

(EVs) with an average diameter of 30-150 nm that are released

by a wide range of cells throughout the body (79, 80). They are

secreted by a variety of cel ls found in the tumor

microenvironment, including cancer cells, tumor associated

fibroblasts, CSCs, and tumor associated immune cells (81).

Exosome-mediated continual interaction between tumor cells

and stromal cells constitutes a significant portion of the

communication in the tumor microenvironment (82).

Exosomes play a role in a number of cellular and pathological

situations and convey their payload to nearby tissues as well as

distant organs via intercellular communication (83). Proteins,

lipids, nucleic acids, and metabolites make up the exosome

cargo, which also controls immune response, stimulates

angiogenesis, and modifies cancer-related signaling pathways

in the tumor microenvironment. Exosomes have a crucial role in

conferring drug resistance to cancer cells via intercellular

interactions in a range of cancer types, according to numerous

in vitro and preclinical in vivo investigations (84).Through the

control of drug efflux and metabolism, epithelial-mesenchymal

transition, modification of prosurvival signaling pathways,

remodeling of the tumor microenvironment, and increased

concentration of plastic CSCs, the exosome cargo mediates

chemoresistance (85). Exosomes have a critical role in the

development of drug resistance in cancer, as well as in the

dissemination of drug resistance phenotypes to other cancer

cells. Exosomes may be employed as a therapeutic target to treat

cancer cells with drug resistance because of their role in

chemoresistance (Figure 5) (87). Exosomes can serve as

desirable nanocarriers for the delivery of specific drugs or

genes. By modifying exosomes with tumor-specific peptides,

proteins, or antibodies for precise targeted drug delivery, their

specificity may be increased still further. The development of an

effective cargo loading technique and selection of exosome-

producing cells are crucial steps in using exosomes as

nanocarriers because they have a significant impact on the

function, biodistribution, and immunogenicity of the

exosomes. In a recent study, exosome-based delivery of

paclitaxel to MDR cancer cells was successfully achieved with
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overexpression of efflux transporters P-glycoprotein (P-gp). In a

lung cancer xenograft model, paclitaxel-loaded exosomes

demonstrated the reversal of drug resistance by increasing

sensitivity to MDR cancer cells, evading P-gp-mediated drug

efflux, and suppressing metastasis (88). Furthermore, by

combining the chemoresistance drug doxorubicin with entire

monocyte or macrophage cells and then passing the mixture

through filters with various pore diameters, Jang et al. created

bioinspired exosome-mimetic nanovesicles. Comparing the

created exosome mimics to doxorubicin-loaded natural

exosomes revealed similar characteristics but a 100-fold higher

production yield (89). Exosomes from bone marrow

mesenchymal stem cells were used by Wu et al. (2020) to

target leucine rich repeats and showed decreased cisplatin

resistance in NSCLC (90). In a different investigation,

synthetic exosomes were used in conjunction with the miR-21

inhibitor 5-FU to reverse drug resistance in colon cancer

through targeted chemotherapy (91). Finally, exosomes loaded

with RAD51 siRNA were shown by Shtam et al. to diminish

DNA damage-repair protein levels and induce apoptosis in

cervical cancer and fibrosarcoma cell lines.
Self-assembly prodrug

For administering poorly soluble anticancer drugs, self-

assembling prodrugs (SAPs) constitute a reliable and potent

nanotherapeutic strategy. The maximal drug loading capacity,

regulated drug release kinetics, longer blood circulation, and

preferential tumor accumulation based on the EPR effect are

only a few of the many inherent benefits of SAPs (92). These
Frontiers in Oncology 07
prodrug conjugates enable effective self-assembly into

nanodrugs with the capacity to encapsulate other therapeutic

agents with distinct molecular targets, enabling concurrent

temporal-spatial drug release for synergistic anticancer efficacy

with less systemic side effects. The SAP technique has gained

significant attention over the past 20 years as a potent

therapeutic platform for the improvement of targeted tumor

treatment (93, 94). Drug-drug conjugates, polymer-drugs, and

lipid-drugs are the three categories into which SAPs

nanotherapeutics are divided [270]. Due to its simplicity in

formulation, high hydrophilicity, and biocompatibility,

hydrophilic polyethylene glycol (PEG) was frequently

employed in earlier studies in combination with lipophilic

drugs in order to circumvent the solubility and bioavailability

issues associated with free pharmaceuticals (95). In addition to

self-assembling into various nano formulations, such as

polymeric micelles, PEG-based prodrugs also co-deliver the

water-insoluble chemotherapeutics included in their

hydrophobic core, which results in synergistic anti-cancer

efficacy (96). Recently, a study demonstrated that platinum Pt

(IV) prodrugs based on cisplatin and chemosensitizer adjudin

(ADD), which had the capacity to self-assemble into nanosheets,

improved the sensitivity of cisplatin to triple-negative breast

cancer. With a 266-fold reduced IC50 value, these Pt (IV)-ADD-

based self-assembled prodrug nanotherapeutics demonstrated

superior in vivo tumor growth suppression (97). In addition,

Domvri et al . demonstrated the use of PLGA-PEG

biocompatible nanocarriers (NCs) for the precise targeting of

MDSCs inside the lung tumor microenvironment. This is done

by combining L-Norvaline and Sunitinib with biodegradable

nanosomes which inhibit tumor-related immunosuppression
FIGURE 5

Exosomal surface engineering for precision targeting in cancer nanotherapeutics. Reproduced with permission from Ref (86). Copyright 2021, Ivyspring.
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(98). In a different study, self-assembling doxorubicin prodrug

PEG2K-DOX showed superior in vivo therapeutic efficacy

against MDR xenograft tumors to doxorubicin alone and the

effective reversal of doxorubicin-related drug resistance (99).

Likewise, Yang et al., showed that simple insertion of a trisulfide

bond can turn doxorubicin homodimeric prodrugs into self-

assembled dimeric nanodrug with increased drug loading, high

self-assembly stability, and enhanced tumor selectivity (100).

Recently, synthetic peptide-based rotor molecules could target

the microtubule array and self-assemble in response to their

environment. Such nano-bio interactions cause atypical

prometaphase—metaphase oscillations that impede the

proliferation of different cancer cells without obviously causing

neurotoxicity. They do this by suppressing local tubulin

polymerization. In the subcutaneous cervix cancer xenograft

tumor model , the nanosomes a l so have powerfu l

antiproliferative effects that are superior to Cisplatin and

Taxol, the traditional antimitotic medication (101).
Nanogels

Nanogels are hydrogels with a particle size between 20-250

nm and have a 3D permeable structure (102). Nanogels are a

type of systemic drug delivery carriers and are made up of

different natural polymers, synthetic polymers, or mixtures of

both, which helps to encapsulate proteins, oligonucleotides, and

small compounds. Due to their special characteristics, nanogels

can be used for imaging, diagnostics, and drug delivery

(Figure 6). The development of nanoplatforms based on

nanogels holds great promise for the future of drug design.

The ability to encapsulate hydrophilic or hydrophobic

compounds, small-molecule chemicals and proteins, DNA/

RNA sequences, and even ultrasmall nanoparticles, is

exhibited by nanogels, made by chemical crosslinking or

physically self-assembling. The carriers’ nanoscale structure

gives them a precise surface area and interior volume,

enhancing the stability of loaded drugs and extending their

stay in circulation. It has been demonstrated that reactions or

the breaking of chemical bonds within the structure of drug-

loaded nanogels cause the regulated or sustained release of the

drug. Recently, a Paclitaxel-based mucoadhesive nanogel with

multivalent interactions for cervical cancer therapy was

constructed. This nanogel can reverse multidrug resistance

effectively, and successfully suppress tumor growth (104). In

addition, to overcoming cisplatin resistance, a multifunctional

nanogel was engineered that can promote apoptosis and reverse

cisplatin resistance in lung cancer. This Valproate-D-Nanogel

can induce G2/M arrest and trigger the intracellular apoptotic

ROS-P53 pathway in cisplatin-resistant lung adenocarcinoma

(105). Furthermore, engineered doxorubicin (DOX)-loaded

polypeptide nanogel displays prolonged circulation and

enhanced intratumoral accumulation in stage III NSCLC (106).
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Microneedles

Drug delivery in the proper amount, at the proper time, and

at the proper spot could considerably improve its efficacy in

cancer treatment (107, 108). This can be accomplished by

utilizing Microneedles (MNs), which are frequently seen as a

synergistic combination of transdermal patches and hypodermic

needles (Figure 7) (110). MNs create micro-channels in the

epidermis of the skin that allow drugs to be delivered directly to

the tumor site (111). In comparison to hypodermic needles and

syringes, they are straightforward, non-invasive, and safer. MNs

are preferable over hypodermic needles since they result in

reduced or no pain at the administration location. Most

importantly, site-specific administration aids in minimizing

side effects and protecting the safety of chemotherapy patients

by limiting the loss of healthy normal cells. Specifically,

engineered microneedles can decrease the expression of heat

shock proteins, reduce ATP levels and sensitize tumor cells to

photothermal therapy. These glucose oxidase (GOx) and

catalase (CAT) nanoreactors can significantly increase

antitumor efficacy and display efficient tumor accumulation

(112). Furthermore, an innovative self-degradable microneedle

(MN) patch for the sustained delivery of aPD1 was used in

melanoma treatment. In detail, a microneedle patch was

engineered that encapsulates aPD1 and glucose oxidase (GOx),

and triggers an immune response. The patch can convert blood

glucose to gluconic acid thus creating an acidic environment

which promotes the release of aPD1 in a B16F10 mouse

melanoma model (113). Likewise, microneedles loaded with

anti-PD-1 cisplatin nanoparticles were used for T-cell

activation, boosted immune response, blockage of PD-1 in T-

cells by aPD-1, and synergistic cancer immuno-chemotherapy

(114). In a similar manner, dissolving microneedles can efficient

deliver the R848 Toll-like receptor 7/8 agonist and hydrophilic

antigens EG7-OVA to tumor-bearing mice and induce an

antigen-specific immunity (115).
Tumor antigen delivery

Nearly all tumor cells produce antigens or tumor-associated

antigens (TAAs) that can be used in order to boost anticancer

immune responses (69, 70). Nanoparticles can protect the

antigen from degradation and deliver it directly to dendritic

cells (DCs) or T-lymphocytes in order to propagate T-cell

activation and response (Figure 8). This effectively stimulates

cytotoxic T-lymphocytes (CTLs) and promotes anti-tumor

immunity (117). Specifically, antigen-capturing nanoparticles

(AC-NPs) can deliver tumor-specific proteins to APCs and

significantly improve the efficacy of aPD-1 treatment and

induce an expansion of CD8+ cytotoxic T cells and increased

both CD4+T/Treg and CD8+T/Treg ratios (116). Also, targeted
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delivery of peptide antigens to tumor macrophages (TAMs) by

nanogel can overcome tumor immune resistance and sensitizes

the resistant tumors to T cell dependent immunotherapies (118,

119). Furthermore, doxorubicin (DOX) chemotherapy drug and

oxygen are delivered by a hemoglobin- (Hb-PCL) conjugate self-

assembled biomimetic nano red blood cell (nano-RBC) system

for reprogramming of the hypoxic immunosuppressive TME.

The Hb moiety of this nano system can preferentially target the

M2-type TAMs via the CD163 surface receptor and bind to

endogenous plasma haptoglobin (Hp), thereby killing tumor
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cells. Additionally, the O2 generated by the Hb reduces tumor

hypoxia, which strengthens the immune response against the

tumor by deterring the recruitment of M2-type macrophages.

The TME is synergistically reprogrammed by TAM-targeting

depletion and hypoxia relief, which simultaneously reduces

tumor cell PD-L1 expression, decreases the levels of

immunosuppressive cytokines like IL-10 and TGF-b, increases

the expression of immunostimulatory IFN-g, improves cytotoxic

T lymphocyte (CTL) response, and triggers a strong memory

response (120). Tumor antigens can also be loaded onto
FIGURE 6

An example of hyaluronate nanogel for targeting multidrug-resistant and efficient delivery of doxorubicin and cisplatin in breast cancer.
Reproduced with permission from Ref (103). Copyright 2021,Springer Nature.
FIGURE 7

Schematic illustration of MN-based transdermal vaccination patch used for immunotherapy treatment of melanoma. Reproduced with
permission from Ref (109). Copyright 2017, AAAS.
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nanoerythrosomes which activate T cell immune responses and

trigger high CD8 T cell infiltration and tumor regression in

B16F10 and 4T1 tumor models (121).
Conclusions

Cancer nanotherapeutics have demonstrated a promising

therapeut ic a l ternat ive to current chemotherapy/

immunotherapy regimens for overcoming or reversing drug

resistance. Before being employed in clinical trials, these

agents need to be better characterized and optimized. A better

understanding of the tumor microenvironment, and

development of novel approaches (CSCs targeting, nucleic

acids delivery, exosomal loading), and clinical trials utilizing

nanosome-based systems are all suggested by the rapid

development of nanotechnology and materials science.

Ut i l i z ing nanote chno logy ’ s advan tage s in tumor

immunotherapy can successfully prevent drugs from

unintentional deterioration and aid in achieving long-term

circulation in both the blood and target tumor sites. The

structure of nanoparticles needs to be changed in order to

overcome the many issues restricting the present tumor

immunotherapy approaches. Additionally, accurate immune

response activation and immune suppression relief depend on

an understanding of the immunotherapy’s controllable time and

space. Thus, there is a great potential for therapeutic efficacy

when tumor immunotherapy is combined with nanotechnology.
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In addition, significant consideration should be given to large-

scale, reproducible commercial batches of nanomedicine

formulations with improved efficacy and decreased toxicity. To

achieve quick clinical conversion, a number of important factors

need to be taken into account. First, by controlling the tumor

microenvironment and metabolism, future research on

metabolic pathways and cancer should be focused on

enhancing cancer immunotherapy. Second, in order to

specifically respond to the tumor microenvironment, nano-

delivery devices with imaging capabilities and stimulus

activation properties must be developed. Notably, tumor

immunotherapy should be integrated into the development of

nanomedicine’s diagnosis and treatment plans.

Third, interdisciplinary research is required to find new

immunological targets and pathways that will make it easier to

create new drug delivery methods. This research should involve

experts from pharmacology, materials science, immunology, and

other domains. As a whole, the development of nanomedicine

systems should concentrate on both commercialization and their

ability to reach the clinical context.
Author contributions

All authors contributed equally to the writing of this

manuscript. All authors provided critical feedback and helped

shape the manuscript. All authors contributed to the article and

approved the submitted version.
FIGURE 8

Schematic illustration of antigen-capture nanoparticles used for tumor immunotherapy. Reproduced with permission from Ref (116). Copyright
2017, Nature Publishing Group.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1042125
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Katopodi et al. 10.3389/fonc.2022.1042125
Funding

This research is co-financed by the ERAPEDMED/PMT-LC

grant —Personalized multimodal therapies for the treatment of

lung cancer (ERAPERMED2020-342) funded by the European

network grant and the Greek General Secretariat for Research

and Innovation (GSRT).
Acknowledgments

The author would like to thank Professor Konstantinos

Zarogoulidis for reading the manuscript and providing useful

comments and advice.
Frontiers in Oncology 11
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Tran E, Robbins PF, Rosenberg SA. Final common pathway' of human cancer
immunotherapy: targeting random somatic mutations. Nat Immunol (2017)
18:255–62. doi: 10.1038/ni.3682

2. Kennedy LB, Salama AKS. A review of cancer immunotherapy toxicity. CA
Cancer J Clin (2020) 70:86–104. doi: 10.3322/caac.21596

3. Szeto GL, Finley SD. Integrative approaches to cancer immunotherapy.
Trends Cancer (2019) 5:400–10. doi: 10.1016/j.trecan.2019.05.010

4. O'Donnell JS, Teng MWL, Smyth MJ. Cancer immunoediting and resistance
to T cell-based immunotherapy. Nat Rev Clin Oncol (2019) 16:151–67. doi:
10.1038/s41571-018-0142-8

5. Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age.
Nature (2011) 480:480–9. doi: 10.1038/nature10673

6. VannemanM, Dranoff G. Combining immunotherapy and targeted therapies
in cancer treatment. Nat Rev Cancer (2012) 12:237–51. doi: 10.1038/nrc3237

7. Riley RS, June CH, Langer R, Mitchell MJ. Delivery technologies for cancer
immunotherapy. Nat Rev Drug Discovery (2019) 18:175–96. doi: 10.1038/s41573-
018-0006-z

8. Yang Y. Cancer immunotherapy: harnessing the immune system to battle
cancer. J Clin Invest (2015) 125:3335–7. doi: 10.1172/JCI83871

9. Li W, Peng A, Wu H, Quan Y, Li Y, Lu L, et al. Anti-cancer nanomedicines: A
revolution of tumor immunotherapy. Front Immunol (2020) 11:601497. doi:
10.3389/fimmu.2020.601497

10. Xin Y, Huang M, Guo WW, Huang Q, Zhang LZ, Jiang G. Nano-based
delivery of RNAi in cancer therapy. Mol Cancer (2017) 16:134. doi: 10.1186/
s12943-017-0683-y

11. Park H, Otte A, Park K. Evolution of drug delivery systems: From 1950 to
2020 and beyond. J Control Release (2022) 342:53–65. doi: 10.1016/
j.jconrel.2021.12.030

12. Jiang W, Wang Y, Wargo JA, Lang FF, Kim BYS. Considerations for
designing preclinical cancer immune nanomedicine studies. Nat Nanotechnol
(2021) 16:6–15. doi: 10.1038/s41565-020-00817-9

13. Quan L, Yanhong D, Jianye F, Meng Q, Zhe S, Dickson A, et al. Nano-
immunotherapy: Unique mechanisms of nanomaterials in synergizing cancer
immunotherapy . Nano Today (2021) 36 :101023 . do i : 10 . 1016/
j.nantod.2020.101023

14. Ediriwickrema A, Saltzman WM. Nanotherapy for cancer: Targeting and
multifunctionality in the future of cancer therapies. ACS Biomater Sci Eng (2015)
1:64–78. doi: 10.1021/ab500084g

15. Björnmalm M, Thurecht KJ, Michael M, Scott AM, Caruso F. Bridging bio-
nano science and cancer nanomedicine. ACS Nano (2017) 11:9594–613. doi:
10.1021/acsnano.7b04855

16. Goldberg MS. Improving cancer immunotherapy through nanotechnology.
Nat Rev Cancer (2019) 19:587–602. doi: 10.1038/s41568-019-0186-9
17. Gao X, Li L, Cai X, Huang Q, Xiao J, Cheng Y. Targeting nanoparticles for
diagnosis and therapy of bone tumors: Opportunities and challenges. Biomaterials
(2021) 265:120404. doi: 10.1016/j.biomaterials.2020.120404

18. Zhou L, Zou M, Xu Y, Lin P, Lei C, Xia X. Nano drug delivery system for
tumor immunotherapy: Next-generation therapeutics. Front Oncol (2022)
12:864301. doi: 10.3389/fonc.2022.864301

19. Roychoudhury S, Kumar A, Bhatkar D, Sharma NK. Molecular avenues in
targeted doxorubicin cancer therapy. Future Oncol (2020) 16:687–700. doi:
10.2217/fon-2019-0458

20. Gadekar V, Borade Y, Kannaujia S, Rajpoot K, Anup N, Tambe V, et al.
Nanomedicines accessible in the market for clinical interventions. J Control Release
(2021) 330:372–97. doi: 10.1016/j.jconrel.2020.12.034

21. Onoue S, Yamada S, Chan HK. Nanodrugs: pharmacokinetics and safety.
Int J Nanomed (2014) 9:1025–37. doi: 10.2147/IJN.S38378

22. Cheng X, Xu HD, Ran HH, Liang G, Wu FG. Glutathione-depleting
nanomedicines for synergistic cancer therapy. ACS Nano (2021) 15:8039–68. doi:
10.1021/acsnano.1c00498

23. Yang Z, Kang SG, Zhou R. Nanomedicine: de novo design of nanodrugs.
Nanoscale (2014) 6:663–77. doi: 10.1039/C3NR04535H

24. Karaosmanoglu S, Zhou M, Shi B, Zhang X, Williams GR, Chen X. Carrier-
free nanodrugs for safe and effective cancer treatment. J Control Release (2021)
329:805–32. doi: 10.1016/j.jconrel.2020.10.014

25. Yang T, Mochida Y, Liu X, Zhou H, Xie J, Anraku Y, et al. Conjugation of
glucosylated polymer chains to checkpoint blockade antibodies augments their
efficacy and specificity for glioblastoma. Nat Biomed Eng (2021) 5:1274–87. doi:
10.1038/s41551-021-00803-z

26. Housman G, Byler S, Heerboth S, Lapinska K, Longacre M, Snyder N, et al.
Drug resistance in cancer: An overview. Cancers (2014) 6:1769–92. doi: 10.3390/
cancers6031769

27. Haist M, Mailänder V, Bros M. Nanodrugs targeting T cells in tumor
therapy. Front Immunol (2022) 13:912594. doi: 10.3389/fimmu.2022.912594

28. Bukhari SNA. Emerging nanotherapeutic approaches to overcome drug
resistance in cancers with update on clinical trials. Pharmaceutics (2022) 14:866.
doi: 10.3390/pharmaceutics14040866

29. Su Z, Dong S, Zhao S-C, Liu K, Tan Y, Jiang X, et al. Novel nanomedicines to
overcome cancer multidrug resistance. Drug Resist Updates (2021) 58:100777. doi:
10.1016/j.drup.2021.100777

30. Khosravi N, Pishavar E, Baradaran B, Oroojalian F, Mokhtarzadeh A. Stem
cell membrane, stem cell-derived exosomes and hybrid stem cell camouflaged
nanoparticles: A promising biomimetic nanoplatforms for cancer theranostics.
J Control Release (2022) 348:706–22. doi: 10.1016/j.jconrel.2022.06.026

31. Xu X, Li T, Jin K. Bioinspired and biomimetic nanomedicines for targeted
c ance r the rapy . Pharmaceu t i c s ( 2022) 14 :1109 . do i : 10 . 3390 /
pharmaceutics14051109
frontiersin.org

https://doi.org/10.1038/ni.3682
https://doi.org/10.3322/caac.21596
https://doi.org/10.1016/j.trecan.2019.05.010
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1038/nature10673
https://doi.org/10.1038/nrc3237
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1172/JCI83871
https://doi.org/10.3389/fimmu.2020.601497
https://doi.org/10.1186/s12943-017-0683-y
https://doi.org/10.1186/s12943-017-0683-y
https://doi.org/10.1016/j.jconrel.2021.12.030
https://doi.org/10.1016/j.jconrel.2021.12.030
https://doi.org/10.1038/s41565-020-00817-9
https://doi.org/10.1016/j.nantod.2020.101023
https://doi.org/10.1016/j.nantod.2020.101023
https://doi.org/10.1021/ab500084g
https://doi.org/10.1021/acsnano.7b04855
https://doi.org/10.1038/s41568-019-0186-9
https://doi.org/10.1016/j.biomaterials.2020.120404
https://doi.org/10.3389/fonc.2022.864301
https://doi.org/10.2217/fon-2019-0458
https://doi.org/10.1016/j.jconrel.2020.12.034
https://doi.org/10.2147/IJN.S38378
https://doi.org/10.1021/acsnano.1c00498
https://doi.org/10.1039/C3NR04535H
https://doi.org/10.1016/j.jconrel.2020.10.014
https://doi.org/10.1038/s41551-021-00803-z
https://doi.org/10.3390/cancers6031769
https://doi.org/10.3390/cancers6031769
https://doi.org/10.3389/fimmu.2022.912594
https://doi.org/10.3390/pharmaceutics14040866
https://doi.org/10.1016/j.drup.2021.100777
https://doi.org/10.1016/j.jconrel.2022.06.026
https://doi.org/10.3390/pharmaceutics14051109
https://doi.org/10.3390/pharmaceutics14051109
https://doi.org/10.3389/fonc.2022.1042125
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Katopodi et al. 10.3389/fonc.2022.1042125
32. Dai H, Fan Q, Wang C. Recent applications of immunomodulatory
biomaterials for disease immunotherapy. Exploration (2022) 00:20210157.
doi: 10.1002/EXP.20210157

33. Farokhzad OC, Langer R. Impact of nanotechnology on drug delivery. ACS
Nano (2009) 3:16–20. doi: 10.1021/nn900002m

34. Abbasi Kajani A, Haghjooy Javanmard S, Asadnia M, Razmjou A. Recent
advances in nanomaterials development for nanomedicine and cancer. ACS Appl
Bio Mater (2021) 4:5908–25. doi: 10.1021/acsabm.1c00591

35. Moradi Kashkooli F, Soltani M, Souri M. Controlled anti-cancer drug
release through advanced nano-drug delivery systems: Static and dynamic
targeting strategies. J Control Release (2020) 327:316–49. doi: 10.1016/
j.jconrel.2020.08.012

36. Huang L, Zhao S, Fang F, Xu T, Lan M, Zhang J. Advances and perspectives
in carrier-free nanodrugs for cancer chemo-monotherapy and combination
therapy. Biomaterials (2021) 268:120557. doi: 10.1016/j.biomaterials.2020.120557

37. Dasgupta A, Biancacci I, Kiessling F, Lammers T. Imaging-assisted
anticancer nanotherapy. Theranostics (2020) 10:956–67. doi: 10.7150/thno.38288

38. Doroudian M, Azhdari MH, Goodarzi N, O'Sullivan D, Donnelly SC. Smart
nanotherapeutics and lung cancer. Pharmaceutics (2021) 13:1972. doi: 10.3390/
pharmaceutics13111972

39. Li B, Li Q, Mo J, Dai H. Drug-loaded polymeric nanoparticles for cancer
stem cell targeting. Front Pharmacol (2017) 8:51. doi: 10.3389/fphar.2017.00051

40. Raj S, Khurana S, Choudhari R, Kesari KK, Kamal MA, Garg N, et al.
Specific targeting cancer cells with nanoparticles and drug delivery in cancer
th e r apy . Sem in Canc e r B io l ( 2021 ) 69 : 1 66–77 . do i : 10 . 1016 /
j.semcancer.2019.11.002

41. Ranji P, Salmani Kesejini T, Saeedikhoo S, Alizadeh AM. Targeting cancer
stem cell-specific markers and/or associated signaling pathways for overcoming
cancer drug resistance. Tumour Biol (2016) 37:13059–75. doi: 10.1007/s13277-016-
5294-5

42. Adepu S, Ramakrishna S. Controlled drug delivery systems: Current status
and future directions. Molecules (2021) 26:5905. doi: 10.3390/molecules26195905

43. Sun Z, Song C, Wang C, Hu Y, Wu J. Hydrogel-based controlled drug
delivery for cancer treatment: A review. Mol Pharm (2020) 17:373–91. doi:
10.1021/acs.molpharmaceut.9b01020

44. Zhang M, Guo X, Wang M, Liu K. Tumor microenvironment-induced
structure changing drug/gene delivery system for overcoming delivery-associated
challenges. J Control Release (2020) 323:203–24. doi: 10.1016/j.jconrel.2020.04.026

45. Aryal S, Park H, Leary JF, Key J. Top-down fabrication-based nano/
microparticles for molecular imaging and drug delivery. Int J Nanomed (2019)
14:6631–44. doi: 10.2147/IJN.S212037

46. Marwah H, Garg T, Goyal AK, Rath G. Permeation enhancer strategies in
transdermal drug delivery. Drug Deliv (2016) 23:564–78. doi: 10.3109/
10717544.2014.935532

47. Elia I, Haigis MC. Metabolites and the tumour microenvironment: from
cellular mechanisms to systemic metabolism. Nat Metab (2021) 3:21–32. doi:
10.1038/s42255-020-00317-z

48. Mezawa Y, Orimo A. Phenotypic heterogeneity, stability and plasticity in
tumor-promoting carcinoma-associated fibroblasts. FEBS J (2022) 289:2429–47.
doi: 10.1111/febs.15851

49. Vasan N, Baselga J, Hyman DM. A view on drug resistance in cancer.Nature
(2019) 575:299–309. doi: 10.1038/s41586-019-1730-1

50. Gaggianesi M, Di Franco S, Pantina VD, Porcelli G, D'Accardo C, Verona F,
et al. Messing up the cancer stem cell chemoresistance mechanisms supported by
tumor microenvironment. Front Oncol (2021) 11:702642. doi: 10.3389/
fonc.2021.702642

51. McGranahan N, Swanton C. Clonal heterogeneity and tumor evolution:
Past, present, and the future. Cell (2017) 168:613–28. doi: 10.1016/j.cell.2017.01.018

52. Garcia-Mayea Y, Mir C, Masson F, Paciucci R, LLeonart ME. Insights into
new mechanisms and models of cancer stem cell multidrug resistance. Semin
Cancer Biol (2020) 60:166–80. doi: 10.1016/j.semcancer.2019.07.022

53. Bush JA, Li G. Cancer chemoresistance: the relationship between p53 and
multidrug transporters. Int J Cancer (2002) 98:323–30. doi: 10.1002/ijc.10226

54. Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic
link and clinical implications. Nat Rev Clin Oncol (2017) 14:611–29. doi: 10.1038/
nrclinonc.2017.44

55. Zhu Y, Yu X, Thamphiwatana SD, Zheng Y, Pang Z. Nanomedicines
modulating tumor immunosuppressive cells to enhance cancer immunotherapy.
Acta Pharm Sin B (2020) 10:2054–74. doi: 10.1016/j.apsb.2020.08.010

56. Mao X, Xu J, WangW, Liang C, Hua J, Liu J, et al. Crosstalk between cancer-
associated fibroblasts and immune cells in the tumor microenvironment: New
findings and future perspectives. Mol Cancer (2021) 20:131. doi: 10.1186/s12943-
021-01428-1
Frontiers in Oncology 12
57. Madden EC, Gorman AM, Logue SE, Samali A. Tumour cell secretome in
chemoresistance and tumour recurrence. Trends Cancer (2020) 6:489–505. doi:
10.1016/j.trecan.2020.02.020

58. Cummings M, Freer C, Orsi NM. Targeting the tumour microenvironment
in platinum-resistant ovarian cancer. semin. Cancer Biol (2021) 77:3–28. doi:
10.1016/j.semcancer.2021.02.007

59. Jin F, Liu D, Xu X, Ji J, Du Y. Nanomaterials-based photodynamic therapy
with combined treatment improves antitumor efficacy through boosting
immunogenic cell death. Int J Nanomed (2021) 16:4693–712. doi: 10.2147/
IJN.S314506

60. Li X, Lovell JF, Yoon J, Chen X. Clinical development and potential of
photothermal and photodynamic therapies for cancer. Nat Rev Clin Oncol (2020)
17:657–74. doi: 10.1038/s41571-020-0410-2

61. Hou YJ, Yang XX, Liu RQ, Zhao D, Guo CX, Zhu AC, et al. Pathological
mechanism of photodynamic therapy and photothermal therapy based on
nanoparticles. Int J Nanomed (2020) 15:6827–38. doi: 10.2147/IJN.S269321

62. Kumari S, Sharma N, Sahi S,V. Advances in cancer therapeutics:
Conventional thermal therapy to nanotechnology-based photothermal therapy.
Pharmaceutics (2021) 13:1174. doi: 10.3390/pharmaceutics13081174

63. Zou L, Wang H, He B, Zeng L, Tan T, Cao H, et al. Current approaches of
photothermal therapy in treating cancer metastasis with nanotherapeutics.
Theranostics (2016) 6:762–72. doi: 10.7150/thno.14988

64. Rios-Doria J, Durham N,Wetzel L, Rothstein R, Chesebrough J, Holoweckyj
N, et al. Doxil synergizes with cancer immunotherapies to enhance antitumor
responses in syngeneic mouse models. Neoplasia (2015) 17:661–70. doi: 10.1016/
j.neo.2015.08.004

65. Kinoh H, Quader S, Shibasaki H, Liu X, Maity A, Yamasoba T, et al.
Translational nanomedicine boosts anti-PD1 therapy to eradicate orthotopic
PTEN-negative glioblastoma. ACS Nano (2020) 14:10127–40. doi: 10.1021/
acsnano.0c03386

66. Dagogo-Jack I, Shaw AT. Tumour heterogeneity and resistance to cancer
therapies. Nat Rev Clin Oncol (2018) 15:81–94. doi: 10.1038/nrclinonc.2017.166

67. Prasetyanti PR, Medema JP. Intra-tumor heterogeneity from a cancer stem
cell perspective. Mol Cancer (2017) 16:41. doi: 10.1186/s12943-017-0600-4

68. Shen S, Xu X, Lin S, Zhang Y, Liu H, Zhang C, et al. A nanotherapeutic
strategy to overcome chemotherapeutic resistance of cancer stem-like cells. Nat
Nanotechnol (2021) 16:104–13. doi: 10.1038/s41565-020-00793-0

69. Rao W, Wang H, Han J, Zhao S, Dumbleton J, Agarwal P, et al. Chitosan-
decorateddoxorubicin-encapsulated nanoparticle targets and eliminates tumor
reinitiating cancer stem-like cells. ACS Nano (2015) 9:5725–40. doi: 10.1021/
nn506928p

70. Miranda-Lorenzo I, Dorado J, Lonardo E, Alcala S, Serrano AG, Clausell
Tormos J, et al. Intracellular autofluorescence: A biomarker for epithelial cancer
stem cells. Nat Methods (2014) 11:1161–9. doi: 10.1038/nmeth.3112

71. Li Y, Zhang R, Lu Z, Ma G, Chen L, Tang Q, et al. Microenvironment-
responsive three-pronged approach breaking traditional chemotherapy to target
cancer stem cells for synergistic inoperable Large tumor therapy. Small (2016)
12:5516–23. doi: 10.1002/smll.201601932

72. Crooke ST, Witztum JL, Bennett CF, Baker BF. RNA-Targeted therapeutics.
Cell Metab (2018) 27:714–39. doi: 10.1016/j.cmet.2018.03.004

73. Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the
management of cancer and other diseases. Nat Rev Drug Discovery (2017) 16:203–
22. doi: 10.1038/nrd.2016.246

74. Haque S, Cook K, Sahay G, Sun C. RNA-Based therapeutics: Current
developments in targeted molecular therapy of triple-negative breast cancer.
Pharmaceutics (2021) 13:1694. doi: 10.3390/pharmaceutics13101694

75. Lin Y-X, Wang Y, Blake S, Yu M, Mei L, Wang H, et al. RNA
Nanotechnology-mediated cancer immunotherapy. Theranostics (2020) 10:281.
doi: 10.7150/thno.35568

76. Lee SWL, Paoletti C, Campisi M, Osaki T, Adriani G, Kamm RD, et al.
MicroRNA delivery through nanoparticlesV. J Control Release (2019) 313:80–95.
doi: 10.1016/j.jconrel.2019.10.007

77. Bertucci A, Kim KH, Kang J, Zuidema JM, Lee SH, Kwon EJ, et al. Tumor-
targeting, MicroRNA-silencing porous silicon nanoparticles for ovarian cancer
therapy. ACS Appl Mater Interfaces (2019) 11:23926–37. doi: 10.1021/
acsami.9b07980

78. Majumder P, Singh A, Wang Z, Dutta K, Pahwa R, Liang C, et al. Surface-fill
hydrogel attenuates the oncogenic signature of complex anatomical surface cancer
in a single application. Nat Nanotechnol (2021) 16:1251–9. doi: 10.1038/s41565-
021-00961-w

79. Kok VC, Yu CC. Cancer-derived exosomes: Their role in cancer biology and
biomarker development. Int J Nanomed (2020) 15:8019–36. doi: 10.2147/
IJN.S272378
frontiersin.org

https://doi.org/10.1002/EXP.20210157
https://doi.org/10.1021/nn900002m
https://doi.org/10.1021/acsabm.1c00591
https://doi.org/10.1016/j.jconrel.2020.08.012
https://doi.org/10.1016/j.jconrel.2020.08.012
https://doi.org/10.1016/j.biomaterials.2020.120557
https://doi.org/10.7150/thno.38288
https://doi.org/10.3390/pharmaceutics13111972
https://doi.org/10.3390/pharmaceutics13111972
https://doi.org/10.3389/fphar.2017.00051
https://doi.org/10.1016/j.semcancer.2019.11.002
https://doi.org/10.1016/j.semcancer.2019.11.002
https://doi.org/10.1007/s13277-016-5294-5
https://doi.org/10.1007/s13277-016-5294-5
https://doi.org/10.3390/molecules26195905
https://doi.org/10.1021/acs.molpharmaceut.9b01020
https://doi.org/10.1016/j.jconrel.2020.04.026
https://doi.org/10.2147/IJN.S212037
https://doi.org/10.3109/10717544.2014.935532
https://doi.org/10.3109/10717544.2014.935532
https://doi.org/10.1038/s42255-020-00317-z
https://doi.org/10.1111/febs.15851
https://doi.org/10.1038/s41586-019-1730-1
https://doi.org/10.3389/fonc.2021.702642
https://doi.org/10.3389/fonc.2021.702642
https://doi.org/10.1016/j.cell.2017.01.018
https://doi.org/10.1016/j.semcancer.2019.07.022
https://doi.org/10.1002/ijc.10226
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1016/j.apsb.2020.08.010
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1016/j.trecan.2020.02.020
https://doi.org/10.1016/j.semcancer.2021.02.007
https://doi.org/10.2147/IJN.S314506
https://doi.org/10.2147/IJN.S314506
https://doi.org/10.1038/s41571-020-0410-2
https://doi.org/10.2147/IJN.S269321
https://doi.org/10.3390/pharmaceutics13081174
https://doi.org/10.7150/thno.14988
https://doi.org/10.1016/j.neo.2015.08.004
https://doi.org/10.1016/j.neo.2015.08.004
https://doi.org/10.1021/acsnano.0c03386
https://doi.org/10.1021/acsnano.0c03386
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1186/s12943-017-0600-4
https://doi.org/10.1038/s41565-020-00793-0
https://doi.org/10.1021/nn506928p
https://doi.org/10.1021/nn506928p
https://doi.org/10.1038/nmeth.3112
https://doi.org/10.1002/smll.201601932
https://doi.org/10.1016/j.cmet.2018.03.004
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.3390/pharmaceutics13101694
https://doi.org/10.7150/thno.35568
https://doi.org/10.1016/j.jconrel.2019.10.007
https://doi.org/10.1021/acsami.9b07980
https://doi.org/10.1021/acsami.9b07980
https://doi.org/10.1038/s41565-021-00961-w
https://doi.org/10.1038/s41565-021-00961-w
https://doi.org/10.2147/IJN.S272378
https://doi.org/10.2147/IJN.S272378
https://doi.org/10.3389/fonc.2022.1042125
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Katopodi et al. 10.3389/fonc.2022.1042125
80. Milane L, Singh A, Mattheolabakis G, Suresh M, Amiji MM. Exosome
mediated communication within the tumor microenvironment. J Control Release
(2015) 219:278–94. doi: 10.1016/j.jconrel.2015.06.029

81. Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei F, Alahari SK.
Exosomes: composition, biogenesis, and mechanisms in cancer metastasis and
drug resistance. Mol Cancer (2019) 18:75. doi: 10.1186/s12943-019-0991-5

82. Meng W, Hao Y, He C, Li L, Zhu G. Exosome-orchestrated hypoxic tumor
microenvironment. Mol Cancer (2019) 18:57. doi: 10.1186/s12943-019-0982-6

83. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science (2020) 367:eaau6977. doi: 10.1126/science.aau6977

84. Li K, Chen Y, Li A, Tan C, Liu X. Exosomes play roles in sequential
processes of tumor metastasis. Int J Cancer (2019) 144:1486–95. doi: 10.1002/
ijc.31774

85. Salunkhe S, Dheeraj Basak M, Chitkara D, Mittal A. Surface
functionalization of exosomes for target-specific delivery and in vivo imaging &
tracking: Strategies and significance. J Control Release (2020) 326:599–614. doi:
10.1016/j.jconrel.2020.07.042

86. Luo R, Liu M, Tan T, Yang Q, Wang Y, Men L, et al. Emerging significance
and therapeutic potential of extracellular vesicles. Int J Biol Sci (2021) 17:2476–86.
doi: 10.7150/ijbs.59296

87. Zhao X, Wu D, Ma X, Wang J, HouW, Zhang W. Exosomes as drug carriers
for cancer therapy and challenges regarding exosome uptake. Biomed
Pharmacother (2020) 128:110237. doi: 10.1016/j.biopha.2020.110237

88. Kim MS, Haney MJ, Zhao Y, Mahajan V, Deygen I, Klyachko NL, et al.
Development of exosome-encapsulated paclitaxel to overcome MDR in cancer
cells . Nanomed Nanotechnol Biol (2016) 12:655–64. doi: 10.1016/
j.nano.2015.10.012

89. Jang SC, Kim OY, Yoon CM, Choi D-S, Roh T-Y, Park J, et al. Bioinspired
exosome-mimetic nanovesicles for targeted delivery of chemotherapeutics to
malignant tumors. ACS Nano (2013) 7:7698–710. doi: 10.1021/nn402232g

90. Wu H, Mu X, Liu L, Wu H, Hu X, Chen L, et al. Bone marrow mesenchymal
stemcells-derived exosomal microRNA-193a reduces cisplatin resistance of non-
small cell lung cancer cells via targeting LRRC1. Cell Death Dis (2020) 11:1–14. doi:
10.1038/s41419-020-02962-4

91. Liang G, Zhu Y, Ali DJ, Tian T, Xu H, Si K, et al. Engineered exosomes for
targeted co-delivery of miR-21 inhibitor and chemotherapeutics to reverse drug
resistance in colon cancer. J Nanobiotechnol (2020) 18:1–15. doi: 10.1186/s12951-
019-0560-5

92. Wang Z, Chen J, Little N, Lu J. Self-assembling prodrug nanotherapeutics
for synergistic tumor targeted drug delivery. Acta Biomater (2020) 111:20–8. doi:
10.1016/j.actbio.2020.05.026

93. Allain V, Bourgaux C, Couvreur P. Self-assembled nucleolipids: from
supramolecular structure to soft nucleic acid and drug delivery devices. Nucleic
Acids Res (2012) 40:1891–903. doi: 10.1093/nar/gkr681

94. Deng Z, Liu S. Controlled drug delivery with nanoassemblies of redox-
responsive prodrug and polyprodrug amphiphiles. J Control Release (2020)
326:276–96. doi: 10.1016/j.jconrel.2020.07.010

95. Zhang K, Tang X, Zhang J, Lu W, Lin X, Zhang Y, et al. PEG-PLGA
copolymers: their structure and structure-influenced drug delivery applications.
J Control Release (2014) 183:77–86. doi: 10.1016/j.jconrel.2014.03.026

96. Zhang X, Dai Y, Dai G, Deng C. Advances in PEG-based ABC terpolymers
and their applications. RSC Adv (2020) 10:21602–14. doi: 10.1039/D0RA03478A

97. Yang C, Tu K, Gao H, Zhang L, Sun Y, Yang T, et al. The novel platinum
(IV) prodrug with self-assembly property and structure-transformable character
against triple-negative breast cancer. Biomaterials (2020) 232:119751. doi: 10.1016/
j.biomaterials.2019.119751

98. Domvri K, Petanidis S, Anestakis D, Porpodis K, Bai C, Zarogoulidis P, et al.
Dual photothermal MDSCs-targeted immunotherapy inhibits lung
immunosuppressive metastasis by enhancing T-cell recruitment. Nanoscale
(2020) 12:7051–62. doi: 10.1039/D0NR00080A

99. Mao X, Si J, Huang Q, Sun X, Zhang Q, Shen Y, et al. Self-assembling
doxorubicin prodrug forming nanoparticles and effectively reversing drug
resistance In vitro and In vivo. Adv Healthc Mater (2016) 5:2517–27. doi:
10.1002/adhm.201600345

100. Yang Y, Sun B, Zuo S, Li X, Zhou S, Li L, et al. Trisulfide bond-mediated
doxorubicin dimeric prodrug nanoassemblies with high drug loading, high self-
assembly stability, and high tumor selectivity. Sci Adv (2020) 6:eabc1725. doi:
10.1126/sciadv.abc1725
Frontiers in Oncology 13
101. Li G, Hu X, Wu X, Zhang Y. Microtubule-targeted self-assembly triggers
prometaphase-metaphase oscillations suppressing tumor growth. Nano Lett (2021)
21:3052–9. doi: 10.1021/acs.nanolett.1c00233

102. Grimaudo MA, Concheiro A, Alvarez-Lorenzo C. Nanogels for
regenerative medicine. J Control Release (2019) 313:148–60. doi: 10.1016/
j.jconrel.2019.09.015

103. Ma W, Chen Q, Xu W, Yu M, Yang Y, Zou B, et al. Self-targeting
visualizable hyaluronate nanogel for synchronized intracellular release of
doxorubicin and cisplatin in combating multidrug-resistant breast cancer. Nano
Res (2021) 14:846–57. doi: 10.1007/s12274-020-3124-y

104. Qian Q, Shi L, Gao X, Ma Y, Yang J, Zhang Z, et al. Paclitaxel-based
mucoadhesive nanogel with multivalent interactions for cervical cancer therapy.
Small (2019) 15:e1903208. doi: 10.1002/smll.201903208

105. Sun M, He L, Fan Z, Tang R, Du J. Effective treatment of drug-resistant
lung cancer via a nanogel capable of reactivating cisplatin and enhancing early
apoptosis. Biomaterials (2020) 257:120252. doi: 10.1016/j.biomaterials.
2020.120252

106. Wang J, Xu W, Zhang N, Yang C, Xu H, Wang Z, et al. X-Ray-responsive
polypeptide nanogel for concurrent chemoradiotherapy. J Control Release (2021)
332:1–9. doi: 10.1016/j.jconrel.2021.02.003

107. Seetharam AA, Choudhry H, Bakhrebah MA, Abdulaal WH, Gupta MS,
Rizvi SMD, et al. Microneedles drug delivery systems for treatment of cancer:
A recent update . Pharmaceut i c s (2020) 12 :1101 . do i : 10 .3390/
pharmaceutics12111101

108. Singh V, Kesharwani P. Recent advances in microneedles-based drug
delivery device in the diagnosis and treatment of cancer. J Control Release (2021)
338:394–409. doi: 10.1016/j.jconrel.2021.08.054

109. Ye Y, Wang C, Zhang X, Hu Q, Zhang Y, Liu Q, et al. A melanin-mediated
cancer immunotherapy patch. Sci Immunol (2017) 2:eaan5692. doi: 10.1126/
sciimmunol.aan5692

110. Park W, Seong KY, Han HH, Yang SY, Hahn SK. Dissolving microneedles
delivering cancer cell membrane coated nanoparticles for cancer immunotherapy.
RSC Adv (2021) 11:10393–9. doi: 10.1039/D1RA00747E

111. Amani H, Shahbazi MA, D'Amico C, Fontana F, Abbaszadeh S, Santos HA.
Microneedles for painless transdermal immunotherapeutic applications. J Control
Release (2021) 330:185–217. doi: 10.1016/j.jconrel.2020.12.019

112. Zhou Y, Niu B, Zhao Y, Fu J, Wen T, Liao K, et al. Multifunctional
nanoreactors-integrated microneedles for cascade reaction-enhanced cancer
therapy. J Control Release (2021) 339:335–49. doi: 10.1016/j.jconrel.2021.09.041

113. Wang C, Ye Y, Hochu GM, Sadeghifar H, Gu Z. Enhanced cancer
immunotherapy by microneedle patch-assisted delivery of anti-PD1 antibody.
Nano Lett (2016) 16:2334–40. doi: 10.1021/acs.nanolett.5b05030

114. Lan X, Zhu W, Huang X, Yu Y, Xiao H, Jin L, et al. Microneedles loaded
with anti-PD-1-cisplatin nanoparticles for synergistic cancer immuno-
chemotherapy. Nanoscale (2020) 12:18885–98. doi: 10.1039/D0NR04213G

115. Kim NW, Kim SY, Lee JE, Yin Y, Lee JH, Lim SY, et al. Enhanced cancer
vaccination by In situ nanomicelle-generating dissolving microneedles. ACS Nano
(2018) 12:9702–13. doi: 10.1021/acsnano.8b04146

116. Min Y, Roche KC, Tian S, Eblan MJ, McKinnon KP, Caster JM, et al.
Antigen-capturing nanoparticles improve the abscopal effect and cancer
immunotherapy. Nat Nanotechnol (2017) 12:877–82. doi: 10.1038/nnano.2017.113

117. Sau S, Alsaab HO, Bhise K, Alzhrani R, Nabil G, Iyer AK. Multifunctional
nanoparticles for cancer immunotherapy: A groundbreaking approach for
reprogramming malfunctioned tumor environment. J Control Release (2018)
274:24–34. doi: 10.1016/j.jconrel.2018.01.028

118. Muraoka D, Seo N, Hayashi T, Tahara Y, Fujii K, Tawara I, et al. Antigen
delivery targeted to tumor-associated macrophages overcomes tumor immune
resistance. J Clin Invest (2019) 129:1278–94. doi: 10.1172/JCI97642

119. Zheng Y, Han Y, Sun Q, Li Z. Harnessing anti-tumor and tumor-tropism
functions of macrophages via nanotechnology for tumor immunotherapy.
Exploration (2022) 2:20210166. doi: 10.1002/EXP.20210166

120. Wang Y, Yu J, Luo Z, Shi Q, Liu G, Wu F, et al. Engineering endogenous
tumor-associated macrophage-targeted biomimetic nano-RBC to reprogram
tumor immunosuppressive microenvironment for enhanced chemo-
immunotherapy. Adv Mater (2021) 33:e2103497. doi: 10.1002/adma.202103497

121. Han X, Shen S, Fan Q, Chen G, Archibong E, Dotti G, et al. Red blood cell-
derived nanoerythrosome for antigen delivery with enhanced cancer
immunotherapy. Sci Adv (2019) 5:eaaw6870. doi: 10.1126/sciadv.aaw6870
frontiersin.org

https://doi.org/10.1016/j.jconrel.2015.06.029
https://doi.org/10.1186/s12943-019-0991-5
https://doi.org/10.1186/s12943-019-0982-6
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1002/ijc.31774
https://doi.org/10.1002/ijc.31774
https://doi.org/10.1016/j.jconrel.2020.07.042
https://doi.org/10.7150/ijbs.59296
https://doi.org/10.1016/j.biopha.2020.110237
https://doi.org/10.1016/j.nano.2015.10.012
https://doi.org/10.1016/j.nano.2015.10.012
https://doi.org/10.1021/nn402232g
https://doi.org/10.1038/s41419-020-02962-4
https://doi.org/10.1186/s12951-019-0560-5
https://doi.org/10.1186/s12951-019-0560-5
https://doi.org/10.1016/j.actbio.2020.05.026
https://doi.org/10.1093/nar/gkr681
https://doi.org/10.1016/j.jconrel.2020.07.010
https://doi.org/10.1016/j.jconrel.2014.03.026
https://doi.org/10.1039/D0RA03478A
https://doi.org/10.1016/j.biomaterials.2019.119751
https://doi.org/10.1016/j.biomaterials.2019.119751
https://doi.org/10.1039/D0NR00080A
https://doi.org/10.1002/adhm.201600345
https://doi.org/10.1126/sciadv.abc1725
https://doi.org/10.1021/acs.nanolett.1c00233
https://doi.org/10.1016/j.jconrel.2019.09.015
https://doi.org/10.1016/j.jconrel.2019.09.015
https://doi.org/10.1007/s12274-020-3124-y
https://doi.org/10.1002/smll.201903208
https://doi.org/10.1016/j.biomaterials.2020.120252
https://doi.org/10.1016/j.biomaterials.2020.120252
https://doi.org/10.1016/j.jconrel.2021.02.003
https://doi.org/10.3390/pharmaceutics12111101
https://doi.org/10.3390/pharmaceutics12111101
https://doi.org/10.1016/j.jconrel.2021.08.054
https://doi.org/10.1126/sciimmunol.aan5692
https://doi.org/10.1126/sciimmunol.aan5692
https://doi.org/10.1039/D1RA00747E
https://doi.org/10.1016/j.jconrel.2020.12.019
https://doi.org/10.1016/j.jconrel.2021.09.041
https://doi.org/10.1021/acs.nanolett.5b05030
https://doi.org/10.1039/D0NR04213G
https://doi.org/10.1021/acsnano.8b04146
https://doi.org/10.1038/nnano.2017.113
https://doi.org/10.1016/j.jconrel.2018.01.028
https://doi.org/10.1172/JCI97642
https://doi.org/10.1002/EXP.20210166
https://doi.org/10.1002/adma.202103497
https://doi.org/10.1126/sciadv.aaw6870
https://doi.org/10.3389/fonc.2022.1042125
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Engineered multifunctional nanocarriers for controlled drug delivery in tumor immunotherapy
	Introduction
	Nanodrug-targeted tumor immunotherapy
	Nanotherapy in tumor targeting
	Controlled drug delivery
	Targeting the TME
	Photothermal therapy
	Immunogenic cell death
	CSC-based nanotherapy
	Micro-RNA targeting
	Exosome signaling
	Self-assembly prodrug
	Nanogels
	Microneedles
	Tumor antigen delivery
	Conclusions
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


