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Editorial on the Research Topic 
Recent advances in the design of novel polymer nanoagents for cancer theranostics


The significance of early and precise cancer theranostics in reducing patient mortality has been well established (Tringale et al., 2018; Crosby et al., 2022). In recent years, nanoagents have emerged as a promising tool for cancer theranostics, owing to their passive and active targeting effects on cancerous tissues (Torchilin, 2011). Among the various types of nanoagents, polymer nanoagents have gained increasing attention due to their excellent biocompatibility, ease of processability, and flexible surface functionalization (Ou et al., 2019). In this Research Topic, 9 published articles focus on the design of novel polymer nanoagents for cancer theranostics, providing valuable insights into the development of effective and precise cancer therapies using polymer nanoagents.
One review in this Research Topic, Zhang et al. summarized the recent progress of chemiluminescent polymer nanoagents based on various chromophore substrates, including luminol, peroxyoxalates, 1,2-dioxetanes and their derivatives, for cancer detection. The authors emphasized the design strategies, mechanisms, and diagnostic applications of representative chemiluminescent polymer nanoagents. Huang et al. reviewed the general advances of polymer nanoagents and presented their applications in cancer diagnosis, treatment, and theranostics, respectively. The authors also proposed the challenges and prospects of polymer nanoagents in the cancer theranostics field. As the human tongue can extend out of the mouth and is approximately 1 cm thick, the utilization of polymer nanoagents in oral cancer theranostics is less restricted by tissue depth and is easier to apply in clinical practice. Zhang et al. focused on the application of polymer nanoagents in the diagnosis and treatment of oral cancer. As one of the most frequently used clinically approved biodegradable polymers, poly (lactic-co-glycolic acid) (PLGA)-based nanoagents have been extensively applied in the field of cancer theranostics, including emerging cancer immunotherapy (Koerner et al., 2021). Gao et al. reviewed the advances of PLGA-based nanoagents in cancer immunotherapy, focusing on cancer vaccines and tumor microenvironment modulation.
In recent years, peptide-based nanoagents have gained extensive attention from researchers due to their high specificity and low systemic toxicity (Habibi et al., 2016). Focusing on peptide-based nanoagents, Zeng et al. summarized the applications of peptide-based nanoagents in the diagnosis and treatment of bladder cancer. As a class of lipid membrane-bound vesicles released by various cells, extracellular vesicles (EVs) with high physiochemical stability and biocompatibility have emerged as a new kind of drug delivery system for cancer theranostics (Bose et al., 2018). Nan et al. reviewed the direct modification of EVs and their application for cancer theranostics. The authors highlighted the prevailing approaches for direct modification of EVs, including cargo loading strategy for EVs modification and modification approaches of the EVs membrane. For conventional chemotherapy drugs, their poor tumor targeting effect is a key factor limiting their effectiveness in cancer treatment (Zeng et al., 2021). To address this issue, Rana et al. outlined the design of Smart Drug Delivery Systems (SDDSs) and their application in the cancer theranostics field. SDDSs that respond to redox, enzyme, light, ultrasound, and magnetic stimuli are highlighted. The authors proposed that SDDSs could become the future of Translational Medicine.
In an original research article in this Research Topic, Sun et al. prepared ROS-responsive Amplex® Red (ADHP) nanoprobes and studied their application in image-guided tumor resection, which has not been explored much. ADHP probes can rapidly oxidize in response to ROS in the tumor microenvironment to form resorufin, which significantly reduces the background fluorescence signal compared to the single resorufin probe. With the fluorescence guidance of ADHP nanoprobes, the authors successfully carried out image-guided surgery of 4T1 abdominal tumors. In addition, in response to the severe toxicity and gastrointestinal side effects of colchicine that limit its application in cancer treatment, Li et al. designed and synthesized a novel colchicine-magnolol hybrid (CMH) by splicing colchicine and magnolol, a multifunctional polyphenol showing favorable gastrointestinal protection. The antitumor results showed that CMH inhibited the growth of Lewis lung carcinoma (LLC) cells 100 times more potently than cisplatin, while the cytotoxicity of CMH was 10-fold lower than that of colchicine in normal human lung cells. Western blot results revealed that CMH dose-dependently suppressed the protein expression of phosphorylated ERK.
In conclusion, the rational design of polymer nanoagents, including inner probes/small molecule drugs and the outer polymer matrix (synthetic polymers, peptides, exosomes), plays a significant role in the cancer theranostics effect of polymer nanoagents. To further improve the effectiveness of polymer nanoagents in cancer theranostics, follow-up research could focus on developing smart probes/small molecule drugs with higher sensitivity and tumor responsiveness, and polymeric matrices with enhanced biodegradability and tumor targeting effects. In addition, the biosafety and ease of preparation of polymer nanoagents also need to be considered to make them clinically applicable, which needs to be balanced with the intelligence of polymer nanoagents. We expect that this Research Topic will inspire the design and synthesis of more advanced polymer nanoagents and promote their widespread application in cancer diagnosis and treatment.
AUTHOR CONTRIBUTIONS
HO wrote the editorial which was revised, proofread, and accepted by all authors. All authors contributed to the article and approved the submitted version.
ACKNOWLEDGMENTS
The Editors deeply acknowledge the authors of all contributions composing this Research Topic. They also acknowledge all reviewers’ constructive comments and engagement, and editorial support from Frontiers throughout the publication process.
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
 Bose, R. J. C., Kumar, S. U., Zeng, Y., Afjei, R., Robinson, E., Lau, K., et al. (2018). Tumor cell-derived extracellular vesicle-coated nanocarriers: an efficient theranostic platform for the cancer-specific delivery of anti-miR-21 and imaging agents. ACS Nano 12 (11), 10817–10832. doi:10.1021/acsnano.8b02587
 Crosby, D., Bhatia, S., Brindle, K. M., Coussens, L. M., Dive, C., Emberton, M., et al. (2022). Early detection of cancer. Science 375 (6586), eaay9040. doi:10.1126/science.aay9040
 Habibi, N., Kamaly, N., Memic, A., and Shafiee, H. (2016). Self-assembled peptide-based nanostructures: smart nanomaterials toward targeted drug delivery. Nano Today 11 (1), 41–60. doi:10.1016/j.nantod.2016.02.004
 Koerner, J., Horvath, D., Herrmann, V. L., MacKerracher, A., Gander, B., Yagita, H., et al. (2021). PLGA-particle vaccine carrying TLR3/RIG-I ligand Riboxxim synergizes with immune checkpoint blockade for effective anti-cancer immunotherapy. Nat. Commun. 12 (1). doi:10.1038/s41467-021-23244-3
 Ou, H., Li, J., Chen, C., Gao, H., Xue, X., and Ding, D. (2019). Organic/polymer photothermal nanoagents for photoacoustic imaging and photothermal therapy in vivo. Sci. China Mater. 62 (11), 1740–1758. doi:10.1007/s40843-019-9470-3
 Torchilin, V. (2011). Tumor delivery of macromolecular drugs based on the EPR effect. Adv. Drug Deliv. Rev. 63 (3), 131–135. doi:10.1016/j.addr.2010.03.011
 Tringale, K. R., Pang, J., and Nguyen, Q. T. (2018). Image-guided surgery in cancer: A strategy to reduce incidence of positive surgical margins. WIREs Syst. Biol. Med. 10 (3), e1412. doi:10.1002/wsbm.1412
 Zeng, S., Ou, H., Gao, Z., Zhang, J., Li, C., Liu, Q., et al. (2021). HCPT-peptide prodrug with tumor microenvironment -responsive morphology transformable characteristic for boosted bladder tumor chemotherapy. J. Control. Release. 330, 715–725. doi:10.1016/j.jconrel.2020.12.042
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.
Copyright © 2023 Ou, Huang, Shen, Gao, Ma and Samanta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		MINI REVIEW
published: 11 May 2022
doi: 10.3389/fchem.2022.910341


[image: image2]
Direct Modification of Extracellular Vesicles and Its Applications for Cancer Therapy: A Mini-Review
Wenbin Nan1,2*, Chao Zhang1, Hao Wang1, Hongli Chen1,2 and Shenglu Ji1*
1College of Life Science and Technology, Nano Biomedical Materials Research Center, Xinxiang Medical University, Xinxiang, China
2The Third Hospital of Xinxiang Medical University, Xinxiang, China
Edited by:
Bo Shen, Northwestern University, United States
Reviewed by:
Bin Ma, Shanghai Jiao Tong University, China
Qinjian Xie, The Gansu corps hospital of CAPF, China
* Correspondence: Wenbin Nan, nanwenbin@xxmu.edu.cn; Shenglu Ji, jishenglu@126.com
Specialty section: This article was submitted to Nanoscience, a section of the journal Frontiers in Chemistry
Received: 01 April 2022
Accepted: 25 April 2022
Published: 11 May 2022
Citation: Nan W, Zhang C, Wang H, Chen H and Ji S (2022) Direct Modification of Extracellular Vesicles and Its Applications for Cancer Therapy: A Mini-Review. Front. Chem. 10:910341. doi: 10.3389/fchem.2022.910341

Extracellular vesicles (EVs) are a class of lipid membrane-bound vesicles released by various cells and mediate cell-to-cell communication. By reason of their high physiochemical stability and biocompatibility, EVs are considered as novel drug delivery system. An increasing number of studies have indicated that EVs can be modified to enhance their loading efficiency, targeting ability and therapeutic capabilities for cancer therapy. Compared with the tedious process of gene engineering approaches, direct modification of EVs is easier, faster and versatile. This mini review will summarize the prevailing approaches for direct modification of EVs. Additionally, the potential applications of modified EVs in cancer therapy are also discussed, which will help readers gain a better understanding of the technologies and applications in this field.
Keywords: extracellular vesicles, cancer therapy, drug delivery, modification, nanomedicine
INTRODUCTION
Aberrant proliferation and aggressive metastatic capacity are the hallmarks of malignant tumors (Hanahan and Weinberg, 2011). The conventional oncological treatment options such as surgery, radiation, and chemotherapy are associated with several disadvantages, including poor targeting and severe side effects (DeVita and Chu, 2008). On the other hand, treating metastatic cancers with a high dose of drugs may result in drug resistance of cancer cells (Aleksakhina et al., 2019). Therefore, novel therapeutic approaches need to be developed to improve the efficiency, specificity and safety of cancer therapy.
Extracellular Vesicles (EVs) are nano membrane vesicles released from various cells. EVs can carry complex cargos such as proteins, lipids and nucleic acids, and communicate directly with recipient cells (Maas et al., 2017). In addition, EVs have some special advantages, including escaping from clearance by host immune system and passing through physiological barriers (Colao et al., 2018; Liu et al., 2019), which makes them suitable to be used as potential therapeutic agents and drug delivery vehicles (Liao et al., 2019). However, limitations remain in the use of natural EVs for cancer therapy. For example, the low targeting capacity of EVs might seriously affect the therapeutic effect, and a heterogeneous range of molecules contained in EVs brings safety concerns (Jabalee et al., 2018). At present, the EVs used in the studies for cancer treatment mainly derived from tumor cells, stem cells or immune cells. EVs derived from tumor cells exhibit relatively good targeting but with a risk (Taghikhani et al., 2020), whereas EVs derived from stem cells or immune cells have a good therapeutic effect but lack of targeting (Herrmann et al., 2021).
To circumvent these problems, modified EVs have recently emerged as a new alternative strategy for cancer therapy (Vader et al., 2016). Accumulating evidence suggests that the modification of cargo loading or membrane components of EVs enhances their loading efficiency, targeting ability and therapeutic capabilities (Yong et al., 2020). In general, the approaches of modifying the EVs can be classified into direct modification (directly remold EVs) and indirect modification (engineer the parent cells). Compared with the tedious process of gene engineering approaches, direct modification of EVs is more simple, rapid and versatile (Nie et al., 2021). In this review, we focus on the prevailing approaches for direct modification of EVs, including cargo loading and membrane modifying of the EVs. Additionally, the latest reported progress in the applications of modified EVs for cancer therapy are summarized and discussed.
DIRECT MODIFICATION OF EVS
Cargo Loading Strategy for EV Modification
The approach to load exogenous cargo into EVs can be divided into passive and active loading methods. The passive loading method refers to therapeutic drugs directly incubated with EVs (Zhu et al., 2019) or donor cells (Guo et al., 2019; Zheng et al., 2020). Generally, the hydrophobic molecules are prone to interact with lipids exposed on EV membrane surface, making passive co-incubation the best approach for hydrophobic drugs with poor solubility. Although these methods are straightforward and do not damage the structure of EVs, the loading efficiency depends on the drug properties, incubation periods and other details. For example, curcumin and cucurbitacin-I were shown to rapidly diffuse into EVs when they were incubated at 22°C for 5 min, and the EV encapsulation could penetrate through the blood-brain barrier to exert anti-tumor effects in the glioblastoma model (Sun et al., 2010; Zhuang et al., 2011).
Active loading method refers to therapeutic drugs crossed through the EV membrane by electroporation (Zou et al., 2019), sonication (Zhupanyn et al., 2020), freeze and thaw cycles (Haney et al., 2015), extrusion (Bose et al., 2018), and so on. Based on these methods, a variety of therapeutic drugs have been loaded into EVs for the treatment of refractory tumors. The drug-loaded EVs promote the accumulation of drugs in cancer cells, enhancing blood circulation time, and consequently improving their treatment outcomes. Kim et al. compared these common methods, the results suggested that all the active loading methods attained higher loading efficiencies than the passive loading method, especially sonication and extrusion methods (Kim et al., 2016). However, these methods also have some limitations. For instance, during the electroporation and thaw cycle process, the media that contains phosphate-buffered pulse or sucrose could cause EV aggregation (Yan et al., 2020). In addition, EV membrane properties may be damaged due to the extrusion method (Fuhrmann et al., 2015). Thus, the most appropriate loading method for a target molecule depends on its physicochemical properties. For example, the passive loading method is typically suitable for small molecule and hydrophobic drugs because it can cross the hydrophobic membrane of EVs (Haney et al., 2015). For small RNA cargos, electroporation is the best loading approach because of its higher loading efficiency (Lamichhane et al., 2015), while the methods such as extrusion and sonication are more suitable for larger proteins and hydrophilic molecules (Yuan et al., 2017). The cargo loading strategies for EV modification are given in Table 1.
TABLE 1 | Cargo loading strategies for EV modification.
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The approaches of direct modification of EV membrane are broadly divided into covalent and non-covalent modification. The covalent modification enables functional groups rapidly form covalent bonds with EVs. For example, sulfhydryl is widely presented on the EVs surface, therefore, it can be employed as the binding site for EVs labeling via the michael addition reaction between maleimide and sulfhydryl. Fan et al. utilized this method to anchor quantum dots (QDs) onto the surface of exosomes. They found that the QDs-labeled exosome complex can be swiftly engulfed by tumor cells, and the tumor cells were lighted up by the fluorescence of this complex (Fan et al., 2019). Click chemistry is a copper-catalyzed azide alkyne cyclo-addition reaction under physiological conditions (Kolb et al., 2001), and is also commonly used to enable bioactive molecules to form chemical bonds with EVs. Jia et al. conjugated the membrane of EV with neuropilin-1 targeted peptide (RGERPPR, RGE) by click chemistry to obtain glioma targeting EVs (Jia et al., 2018). However, these modification approaches might change the physicochemical properties of the EV membrane. The long-term biocompatibility, stability and safety of modified EVs still need in-depth research.
EVs can also be non-covalently modified based on their natural features. The membrane of EVs mainly consists of amphiphilic substances such as phospholipids, cholesterol and glycolipids, therefore, EVs allow hydrophobic compounds to integrate into their membrane by hydrophobic interaction. For instance, Cheng et al. integrated nuclear localization signal peptides on EVs surface by shaking the peptide and EVs in an ice bath for 4 h. The modified EVs exhibit a great enhanced therapeutic effect on the inhibition of tumor growth (Cheng et al., 2019). The EVs surface is negatively charged, as a result, positively charged components can bind to the surfaces of EVs via electrostatic interaction. Zhan et al. bind cationic endosomolytic peptides L17E to the exosome membrane through electrostatic interaction. The modified exosomes exhibit an enhanced tumor accumulation, thereby efficiently delivering encapsulated cargos to tumor cells (Zhan et al., 2020). Besides, ligand-coupled molecules can specifically bind to receptors expressed on the EV surfaces. For example, transferrin receptors (TfR) are enriched at the membranes of EV derived from reticulocyte. Yang et al. synthesized a pH-responsive superparmagnetic nanoparticles cluster (SMNC), and bind to blood TfR-positive exosomes by precisely labeled with transferrin receptor (Yang L. et al., 2019).
APPLICATION OF MODIFIED EVS IN CANCER THERAPY
Based on these methods of modifying EVs, many researchers have developed new methodologies to modify and design EVs to improve their targeting ability, loading efficiency and therapeutic efficacy (Figure 1). In this subsection, we summarized the latest reported progress in the applications of modified EVs for cancer therapy.
[image: Figure 1]FIGURE 1 | Application of modified EVs in cancer therapy.
Enhancement of Cell Targeting Specificity of EVs
Generally, EVs have natural targeting properties, this is mainly due to that EVs contain and transfer multiple bioactive molecules from their derived cell lineage. Wang et al. (2021) reported that neutrophil-derived EVs possess appealing blood-brain barrier penetration capability, and can aid delivery of the doxorubicin (DOX) facilely enter into brain and target to glioma via clathrin endocytosis (Wang et al., 2021). However, the intrinsic targeting capacity of most natural EVs is still unsatisfactory. The most direct strategy for improving targeting is to modify the antibodies onto the surface of the EV membrane. Nevertheless, antibodies are rarely used for targeting directly, because of their large size, complex structure and high risk of generating an immune response (Ahmad et al., 2012). The relevant research has mainly focused on simpler fragments of antibodies such as single domain antibodies (sdAbs) (Pham et al., 2021) or single chain variable fragments (scFvs) (Longatti et al., 2018; Wang et al., 2018). Results showed that these approaches could effectively improve the tumor targeting of EVs. Compared with antibodies, targeting peptides provide several advantages including small size and lower immunogenicity (Hung and Leonard, 2015). Some peptides have been utilized to target tumor associated receptors. For example, RGD peptide can be used for glioblastoma targeted therapy via target integrin receptors (Zhu et al., 2019), and the mesenchymal-epithelial transition factor (c-Met) binding peptides can be used for triple negative breast cancer targeted therapy via target c-Met (Li et al., 2020). Besides, nucleic acid aptamers are small synthetic single stranded DNA or RNA molecules which are also capable of binding selectively to target molecules (Zhang et al., 2021). Similar to targeting peptides, nucleic acid aptamers also possess advantages such as smaller size, lower immunogenicity and simple chemical modification. For example, Zou et al. modified the EVs with diacyllipid-sgc8 aptamer which can specifically bind protein tyrosine kinase 7 (PTK7) through hydrophobic interaction, and the modified EVs can efficiently deliver molecular drugs/fluorophores to target cancer cells (Zou et al., 2019). The strategies for enhancing the targeting of EVs are given in Table 2.
TABLE 2 | Strategies for enhancing targeting of EVs.
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Natural EVs cannot respond to exogenous stimulations, which limit their application in drug controlled release. Multiple studies have been carried out to improve the stimuli-responsive ability of EV-based nanoparticles.
Low extracellular pH is considered a key feature of tumor microenvironment (Kato et al., 2013). Modified EVs with pH-responsive materials altered their physicochemical characteristics which makes EVs respond to acidic pH of the tumor microenvironment, and further leads to sustained drug release at the tumor site. The intercalated motif (i-motif) is a pH-responsive DNA strand. Jun et al. constructed a pH-responsive delivery system by chemical modification of exosomes with biotin and ds-i-motif-bio conjugation via streptavidin on the surface of the exosomes. This system efficiently released DOX in an acidic pH responsive manner and had intact bioactivity for anti-proliferation to MCF-7 cells (Jun et al., 2018). Lee et al. designed a functional EV originated from RAW 264.7 cells by attaching a pH-responsive 3-(diethylamino) propylamine (DEAP) via sonication. The DEAP is protonated below pH 7.0, therefore, the functional EV would release drugs when its membrane disruption in response to the acidic pH of the tumor microenvironment (Lee et al., 2018). This work was further extended to target dendritic cells for anticancer vaccination, and the nanoparticle showed pH-dependent physicochemical characteristics which is consistent with the expectations (Lee et al., 2019).
Recently, there are some findings about ultrasound responsive EVs which warrant further attention. Liu et al. designed a functionalized smart nanoparticle in conjunction with an extracorporeal ultrasound device for tumor specific sonodynamic therapy. This nanoparticle was prepared by utilizing exosomes loaded with sinoporphyrin sodium (DVDMS) via a very mild incubation. Results indicated that this ultrasound-responsive natural exosome-based delivery system can non-invasively enhance homogenous tumor targeting and sonodynamic therapy toxicity (Liu et al., 2019). Sun et al. revealed that ultrasound microbubbles together with ultrasound-targeted microbubble destruction (UTMD) significantly increase the infiltration and endocytosis of EVs in these reluctant tissues such as heart and adipose tissue (Sun et al., 2019; Sun et al., 2020). These techniques may have potential applications for anti-cancer EV-based drug delivery.
Magnetic targeting is an important approach of passive targeting for tumor therapy. EVs functionalized by minute magnets could be enriched at the tumor site with the help of external magnetic fields (Xiong et al., 2021). One study from Qi et al. utilized superparamagnetic nanoparticles anchored onto EVs through Tf-Tf receptor interaction, and those modified EVs exhibited superparamagnetic behavior at room temperature. Furthermore, DOX was loaded into EVs, and these EV-based vehicles show excellent tumor targeting ability and cancer inhibition effect (Qi et al., 2016).
Modified EVs for Phototherapy
As non-invasive methods of phototherapy, photothermal therapy (PTT) and photodynamic therapy (PDT) have high clinical value in the cancer therapy. A number of studies have loaded photothermal materials or photosensitizers into EVs so that these functionalized EVs can be used for PTT or PDT of tumors. For PTT, the photothermal conversion material could convert light energy into cytotoxic heat energy to kill cells (Wu et al., 2015). Cao et al. synthesized small fluorescent quantum dots (QDs) as the photothermal conversion material and modified with cell nucleus-target TAT (transactivator of transcription) peptides, then, packaged into RGD-EVs via electroporation to construct a versatile theranostic platform. This system mediated nucleus temperature increase under NIR-II region laser irradiation, leading to killing the breast cancer cells completely (Cao et al., 2019). Wang et al. have co-embedded Bi2Se3 and DOX into tumor cell derived microparticles by electroporation method, and obtained Bi2Se3/DOX@MPs via irradiation-induced budding. Bi2Se3/DOX@MPs exhibit remarkably dual-modal imaging capacity and synergistic antitumor efficacy by combining PTT with low-dose chemotherapy (Wang et al., 2020).
For PDT, the photosensitizer transfers energy from light to molecular oxygen to generate singlet oxygen, which is toxic to cancer cells (Yang R. et al., 2019). Pan et al. developed a novel nanovehicle by combining urinary EVs and Au-BSA@Ce6 nanocomposites via electroporation (Pan et al., 2020). The structures of nanovehicles collapsed under 633 nm laser irradiation, and a large number of nanoparticles were released to produce singlet oxygen in cancer cells that in turn result in suppression of tumor growth. Zhu et al. use electroporation method to prepare a hybrid nano-vesicle by loaded aggregation-induced emission (AIE) molecular onto tumor-derived EVs, this hybrid nano-vesicles could facilitate efficient tumor penetration and significantly enhance the PDT effect (Zhu et al., 2020). These findings indicate that modified EVs with rational design provide novel approaches to cancer therapy.
Modified EVs for Immunotherapy
Tumor immunotherapy has gained increased attention in recent years. The modifications of EVs derived from immune cells such as natural killer cells (NKs), dendritic cells (DCs) have been used for tumor immunotherapy. Wang et al. report a novel strategy based on NK cell derived exosomes (NKEXOs) for tumor targeted therapy. The biomimetic core-shell nanoparticles (NNs) were self-assembled with a dendrimers core loading therapeutic miRNA and a hydrophilic NKEXOs shell, the resulting NN/NKEXO showed highly efficient targeting and therapeutic miRNA delivery to neuroblastoma cells, leading to inhibit tumor growth (Wang et al., 2019). High mobility group nucleosome binding protein 1 (HMGN1) can enhance the ability of DCs to activate T cells and improve vaccine efficiency (Yang et al., 2012). Zuo et al. modified tumor-derived EVs with the functional domain of HMGN1 via an anchor peptide, and DCs pulsed by these modified EVs show long-term anti-tumor immunity and tumor inhibition effect by enhancing memory T cell response (Zuo et al., 2020). The chimeric antigen receptor T (CAR-T) cell therapy is a new strategy in adoptive antitumor treatment. CAR-T therapy can induce rapid and durable clinical responses but associated with acute toxicities. Fu et al. report that EVs derived from CAR-T cells carry CAR on their surface, and express a high level of cytotoxic molecules to induce tumor cell death. More importantly, CAR EVs do not express Programmed cell Death protein 1 (PD1), and their antitumor effect cannot be weakened by recombinant PD-L1 treatment, and that is why the administration of CAR EVs is relatively safe compared with CAR-T therapy (Fu et al., 2019). In summary, modified EVs have broad application prospects in tumor immunotherapy.
PERSPECTIVES
Despite EVs of natural origin having advantages such as good biocompatibility, low toxic side effects and good blood-brain barrier penetration, many questions remain to be answered, including insufficient loading efficiency and poor targeting. Approaches for direct modification of EVs brought new lights on resolving these problems. In recent years, an increasing number of studies have used new technologies to design and modify EVs to improve their loading efficiency and targeting ability, and these modified EVs indeed have shown exciting and encouraging results in both experimental and preclinical studies as anticancer drugs. However, the findings of some EV clinical trials did not live up to anticipated outcome, which suggest that most applications are still at an experimental stage. Because of the heterogeneity of the encapsulated and surface molecules, the use of different isolation, purification and characterization methodologies frequently results in confusion with regard to characteristics of EVs. In addition, in initial lack of standardized protocols for EV modification, resulting in contrasting results between different studies. Therefore, the standard for isolation, purification, characterization and modification of EVs need to be established. On the other hand, the functional molecules carried by EVs may bring potential biosafety problems, so that these EVs based therapeutic strategies require further preclinical research before successful clinical application. Overall, EVs based therapeutic strategies for cancer are still in their infancy, with the deepening of basic research on EVs and the development of biotechnology, the applications of modified EVs for cancer therapy are potentially broad.
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Oral cancer is one of the most common tumours in the world threatening human life and health. The 5-years survival rate of patients with oral cancer has not been improved significantly for many years. The existing clinical diagnostic methods rarely achieve early diagnosis due to deficiencies such as lack of sensitivity. Most of the patients have progressed to the advanced stages when oral cancer is detected. Unfortunately, the traditional treatment methods are usually ineffective at this stage. Therefore, there is an urgent need for more effective and precise techniques for early diagnosis and effective treatment of oral cancer. In recent decades, nanomedicine has been a novel diagnostic and therapeutic platform for various diseases, especially cancer. The synthesis and application of various nanoagents have emerged at the right moment. Among them, polymer nanoagents have unique advantages, such as good stability, high biosafety and high drug loading, showing great potential in the early accurate diagnosis and treatment of tumours. In this review, we focus on the application of advanced polymeric nanoagents in both the diagnosis and treatment of oral cancer. Then, the future therapy strategies and trends for polymeric nanoagents applied to oral cancer are discussed, with the hope that more advanced nanomedical technology will be applied to oral cancer research and promote the development of stomatology.
Keywords: oral cancer, nanomedicine, polymer nanoagents, cancer theranostics, targeted delivery
INTRODUCTION
Cancer is the number one killer that threatens human life and health. Head and neck tumours are the sixth most prevalent cancer type in the world, among which oral cancer is the most common, accounting for 40% (Sung et al., 2021). Despite the advances in oral cancer research over the past few decades, its 5-years survival rate has not significantly improved and still hovers around 50% (Chang et al., 2013). The main reason for the poor prognosis of oral cancer patients is delayed treatment. Only one-third of oral cancer patients are diagnosed at an early stage, with the majority being diagnosed at advanced stages because of the lack of obvious symptoms earlier (Nonaka and Wong, 2018).
The clinical diagnostic methods of oral cancer mainly include biopsy, magnetic resonance imaging (MRI), computed tomography (CT) and positron emission tomography (PET), while biopsy is still the definitive diagnostic method (Keshavarzi et al., 2017; Abati et al., 2020). The treatment of oral cancer depends on its stage. The conventional treatment for early-stage oral cancer is surgical resection, while advanced stage treatment requires a combination of surgery, chemotherapy and/or radiotherapy (Fang et al., 2007; Naruse et al., 2016). However, many traditional chemotherapeutic agents has been limited because of their low bioavailability, inability to specifically identify tumour cells and easy clearance in the blood. Other therapies, such as immunotherapy, gene therapy, photothermal therapy (PTT), photodynamic therapy (PDT), etc., are still under ongoing research.
Nanomedicine was first proposed by scientists in 2000 (Wagner et al., 2006). The advent of nanomedicine technology has greatly changed the diagnosis and treatment of cancer. Nanomaterials are particles at the nanometre scale that have great potential in the field of medicine due to their special material properties (Lucky et al., 2016; Yu et al., 2020). In the last decade, dozens of drug products containing nanomaterials have been approved by the Food and Drug Administration (FDA) for clinical use (Bobo et al., 2016). Generally speaking, particles between 1 and 100 nm in size in any dimension are called nanoparticles (NPs). NPs usually include liposomes, dendrimers, gold NPs, magnetic NPs, quantum dots, polymeric NPs, etc., Nanomaterials serve as carriers for drug delivery. The unique structure of NPs can be used to deliver fluorescent dyes, chemotherapy drugs, photosensitisers or other biological materials, overcoming the limitations traditional diagnostic and therapeutic processes (Zheng et al., 2021). Due to the leaky vasculatures surrounding fast-growing cancer tissues, NPs carrying anticancer agents can be absorbed by tumour cells through the enhanced permeability and retention (EPR) effects, resulting in local accumulation and cytotoxicity of the tumour cells (Nakamura et al., 2016; Greish, 2010). It can also be conjugated with the corresponding antibodies, peptides, aptamers and small molecules to enhance targeting efficiency and reduce systemic toxicity (Haider et al., 2020). These are the main forms of passive and active targeting of nanoagents. To date, a variety of inorganic and organic/polymer nano-materials for oral cancer research have been reported, including NPs based on metallic and metal oxide materials, quantum dots, solid lipid NPs and polymer-based NPs (Mishra et al., 2018; Su et al., 2019; Soleymani et al., 2020). While each of these well-studied nanoagents has merits, they also have demerits. For instance, the long-term health risks of metal and metal oxide NPs in clinical application remain unknown, and solid lipid NPs are restricted by their poor drug loading capacity (Ruiz-Pulido et al., 2021). Among various kinds of nanoparticles, polymeric nanoparticles have received a lot of attention in tumor research due to their better biosafety and specific drug accumulation effect (Green et al., 2008; Sionkowska, 2011). In the past, non-biodegradable polymers (e.g., polymethyl methacrylate, polyacrylamide and polystyrene) were commonly used to fabricate nanomaterials, but such polymers are difficult to degrade and can lead to chronic inflammation. Nowadays, degradable materials are used as a good alternative to this challenge (Vijayan et al., 2013). Polymeric NPs are prepared from natural polymers (e.g., chitosan and hyaluronic acid) and synthetic polymers [e.g., poly (propylene-co-glycolide) and polyethylene glycol] in a core-shell structure, with hydrophilic blocks forming the shell and hydrophobic blocks forming the core of the nanoparticles (Elsabahy and Wooley, 2013). The size and surface characteristics of nanoparticles are turned by their preparation methods. At present, several preparation methods have been developed and can be divided into two groups, i.e., methods based on the polymerization of monomers and methods using preformed polymers. It is crucial to choose the most suitable preparation method for polymer NPs depending on the specific properties required. After the effective nanoparticles have been synthesised, they are purified by filtration, centrifugation and dialysis techniques (Crucho and Barros, 2017). According to their morphology, polymeric NPs are classified as nanocapsules and nanospheres (Guterres et al., 2007). Unlike other nanocarriers, polymeric nanoparticles can encapsulate the drug within a polymeric oily core (nanocapsules) or disperse the drug in a polymeric matrix (nanospheres) (Crucho and Barros, 2017). Their advantage is that the special core-shell structure allows specific delivery of drugs or fluorescent molecules to the focal area, Figures 1A,B (Zielińska et al., 2020). After the drug released, the polymer matrix is usually degraded to water and non-hazardous molecules containing hydrogen and nitrogen, and is excreted from the body (Parveen and Sahoo, 2008). Their unique properties, such as non-toxicity, water solubility and easy modification, make them promising nanomedicine candidates for a wide range of applications in oncology research, Figure 1C (Lim et al., 2015; Banik et al., 2016; Choudhury et al., 2019).
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of the structure of nanocapsules and nanospheres. (B) Different modes of association of drugs with nanospheres and nanocapsules. [(A,B) Reproduced from (Zielińska et al., 2020) with permission from the Multidisciplinary Digital Publishing Institute]. (C) Schematic illustration of a multifunctional nanocomposite. Reproduced from (Lim et al., 2015) with permission from American Chemical Society.
Although there have been many review articles summarising the development of oncology research, rather limited ones focus on the molecular/NP design and recently developed new mechanisms of the organic/polymer photothermal nanoagents. In this review, we will focus on the research progress based on polymeric nanoagents in the integration of oral cancer diagnosis, treatment and theranostic. We analyse and forecast the current trends and the future treatment strategies, in the hope that more nanotechnology will be applied to oral cancer research and will promote the development of stomatology.
POLYMERIC NANOPARTICLES FOR ORAL CANCER DIAGNOSIS
There is strong evidence that early diagnosis and treatment can lead to a reduced mortality rate in oral cancer (Petersen, 2009). The advantages of polymer fluorescent nanoprobes such as high sensitivity, non-invasiveness and good biocompatibility, make them ideal for imaging (Chan and Wu, 2015). Polymeric nanoagents function as nanocontrast agents or fluorescent probes in the early diagnosis and imaging of oral cancer. For example, Shanavas et al. produced hybrid NPs with a magnetic poly (lactide-co-glycolide) (PLGA) nanoparticle core, where the surface was modified with a folate-chitosan (fol-cht) conjugate shell, and used them as an MRI contrast agent. The hydroxyl (-OH) and amine (-NH2) functional groups on the surface of chitosan are extremely reactive, allowing for facile surface modification through complex chemical processes. They showed that the imaging contrast of the targeted group (folic acid receptor) was significantly better than that of the non-targeted group, facilitating the detection of early oral cancer (Shanavas et al., 2017). Inspired by polymeric drug delivery carrier systems, excellent brightness, biodegradability and low toxicity dyes such as Indocyanine green (ICG), Methylene Blue have been conjugated with polymeric nanoagents with special properties that overcome the limitations of poor stability, rapid in vivo clearance and low cellular uptake, achieving the early diagnosis through bioimaging of tumours. (Hill et al., 2015). ICG encapsulated in polymer nanoparticles shows significant improvement in both stability and PDT/PTT effect. Poly (styrene-co-maleic anhydride) (PSMA) is an amphiphilic polymer that can be used to encapsulate organic dyes to improve their chemical stability and biocompatibility. Chen et al. designed a kind of nanoparticles in which they encapsulated ICG with PSMA to form ICG@PSMA by self-assembly method. In vitro and in vivo studies have shown that ICG@PSMA NPs have strong NIR fluorescence, good biocompatibility, low toxicity and excellent photothermal properties. And they found that ICG@PSMA NPs have great potential in different types of cancer (Chen et al., 2021). However, achieving high brightness with dye-loaded polymer NPs requires loading large quantities of fluorescent dyes, which can cause the occurrence of aggregation-caused quenching (ACQ) and limit the brightness of dye-loaded polymer NPs. With the development of nanomaterials, the aggregation-induced emission (AIE) effect was discovered (Zhang et al., 2021). Zhang et al. synthesised an AIE material named phenylene and tetraenzenewere-dicyanomethylene-benzopyran (DPA-TPE-DCM) and applied it to the optical diagnosis of early oral cancer. The probe showed good biocompatibility and shows a high signal-to-noise ratio when applied in vivo. Under the guidance of fluorescence, the orthotopic tongue carcinoma in mice was successfully detected, as well as the mapping of sentinel lymph nodes smaller than 2 mm, Figures 2A–C (Zhang et al., 2022). Bioimaging reveals the biological processes involved in early carcinogenesis, helps detect small tumours at an early stage and aids in the assessment of resection margins during surgery. Nanotechnology provides the means for more accurate imaging of lesions and has greatly advanced the field of oncology.
[image: Figure 2]FIGURE 2 | (A) Schematic illustration of the preparation of DPA-TPE-DCM NPs. (B) Fluorescence imaging of tongue squamous cell carcinoma-bearing mice and ex vivo fluorescence images of major organs and tongue after intravenous administration of DPA-TPE-DCM NPs. (C) Fluorescence imaging of the mice neck and sentinel lymph nodes helped extract from the mice under the guidance of fluorescence. [(A–C) Reproduced from (Zhang et al., 2022) with permission from the Royal Society of Chemistry]. (D) Schematic illustration of PEG-PEI-Ce6/siRNA nanoparticles and the mechanism of the effects they exert. (E) The expression levels of Wnt-1 mRNA determined by RT qPCR. (F) In vitro cellular phototoxicity of PEG-PEI-Ce6/siWnt-1 against oral cancer cells. [(D–F) Reproduced from (Ma et al., 2017) with permission from the Royal Society of Chemistry].
POLYMERIC NANOPARTICLES FOR ORAL CANCER PREVENTION AND THERAPY
The occurrence of oral cancer is a relatively complex process, involving multiple genetic and cellular alterations (Chi et al., 2015; Li et al., 2020). In oral cancer, chemical prophylaxis is considered effective in reversing, preventing or inhibiting the malignant transformation of precancerous cells. Natural plant compounds, such as flavonoids and astragalus, are of great interest due to their rich biological activity and medicinal value, making them promising chemopreventive agents (Iriti and Varoni, 2013; Glenny et al., 2010). However, the low bioavailability and poor solubility of such plant compounds lead to limited clinical application (Singh et al., 2014). To overcome this problem, the use of polymeric nanoparticle drug delivery systems for packaging biologically active plant compounds for oral cancer prevention has been clinically explored (Gohulkumar et al., 2014). Licorice is a perennial plant with well-known pharmacological properties and is considered as an adjunct to the drug treatment of many local and systemic diseases. Glycyrrhetinic acid (GA) is a kind of active compounds extracted from licorice and has significant anti-cancer properties (Roohbakhsh et al., 2016). Cacciotti et al. examined the cytotoxicity of GA on human oral squamous cancer cells (OSCC) and normal human gingival fibroblasts (HGFs) with two delivery systems: chitosan (CS) and poly (lactic-co-glycolic) acid (PLGA) based nanoparticles and polylactic acid fibers (FBs). They used a one-step osmosis based methodology to prepare CS-PLGA-based NPs (GA-NPs) loaded with GA, which were non-toxic to HGFs and had a low median toxic concentration of 200 μmol/L against human OSCCs, both of which were superior to GA-FBs (Cacciotti et al., 2018). When oral cancer progresses to an advanced stage, clinical treatments like radiotherapy and chemotherapy are mostly applied. Since most chemotherapy drugs are easily cleared by the reticuloendothelial system (RES) in blood circulation and are lowly water-soluble, poorly biocompatible, and lowly targeted, they often fail to cure tumours and instead cause serious side effects, such as vomiting, fever, allergies, and hair loss. Polymer nanoagents have been used as drug transport carriers to improve the stability of drugs, control targeted drug delivery, make the concentration of drugs in the lesion site constant and uniform. El-Hamid et al. showed that pegylated liposomal doxorubicin (Doxil) had a higher apoptotic effect on CAL-27 cells than free doxorubicin with fewer side effects (El-Hamid et al., 2019). In another study, Gupta et al. synthesised PLGA NPs encapsulating the model radiosensitising drug docetaxel, presenting higher toxicity to human oral cancer cells than free docetaxel (Gupta et al., 2018). Polymer nanoagents are inherently biocompatible and biodegradable, and have an extended residence time at the local site. Encapsulating the active drug into polymer NPs can overcome the problems of poor drug solubility and low bioavailability, enhance drug stability, thereby increasing efficacy and reducing side effects.
Optical therapy, such as PDT and PTT, is an emerging method of tumour treatment (Ou et al., 2019). PDT has been officially approved by the FDA for the treatment of localised oesophageal cancer (Lee and Baron, 2011). The photosensitiser (PS) is activated by light in the presence of oxygen, leading to the generation of reactive oxygen species (ROS). Some researchers have used PS coupled with polymeric NPs for photodynamic therapy of oral cancer. Wang et al. designed an effective ROS-sensitive delivery carrier for chemical photodynamic therapy, named polyethylene glycol-polycarbonate-thioketal doxorubicin (PEG-PBC-TKDOX). Doxorubicin (dox) was covalently modified to self-destructive polymeric micelles for drug release via light-triggered ROS. The polymer system improved the efficiency of chemical photodynamic therapy and reduced off-target toxicity (Wang M. et al., 2019). In addition, nanoparticles combined with laser can be effectively used in photothermal therapy, attacking tumour cells without significant damage to other cells. In a study by Ren et al., synthesized organic compound (C3) was equipped with indocyanine green (ICG) into polyethylene glycol-polycaprolactone (PEG-PCL) to form hybrid nanoparticles (PEG-PCL-C3-ICG NPs) for combined PTT and PDT treatment of tumours under 808 nm laser irradiation. In vitro and in vivo experiments showed that PEG-PCL-C3-ICG NPs were significantly more effective than PTT or PDT separately, and had better performance and lower cytotoxicity compared to conventional PTT agents such as Au nanorods (Ren et al., 2017). Based on the special properties of nanoplatforms, some researchers have combined chemotherapy and optical therapy as a multimodal treatment approach, achieving good results in the treatment of oral cancer. Wang et al. developed a novel drug delivery system, called human serum albumin indocyanine green-cisplatin nanoparticles (HSA-ICG-DDP NPs), to ensure site-specific drug delivery/release and reduce the systemic toxicity of chemotherapy, demonstrating the synergistic effects of PDT, PTT, and chemotherapy with in vitro and in vivo experiments. As for the in vivo treatment, HSA-ICG-DDP NPs accumulated in tumour tissues and exhibited stronger antitumour effects compared to ICG, HSA-ICG and DDP treatments, significantly improving the therapeutic efficacy (Wang et al., 2019a). Combination therapy is a current trend in oncology treatment that improves the results and reduce side effects. Multifunctional polymeric nanocarriers are ideal materials for combination therapy.
Gene therapy has been studied in oncology treatment for several years, but the results achieved have not been significant. The advent of nanomedicine has greatly facilitated the development of gene therapy. In photodynamic therapy, activation of epithelial-to-mesenchymal transition (EMT) can lead to tumour recurrence and progression. Some investigators have enhanced the effect of PDT by inhibiting the Wnt/β-catenin signaling pathway involved in EMT progression using nanocarriers carrying corresponding small interfering RNA (siRNA). Ma et al. efficiently delivered Wnt-1 siRNA into the cytoplasm of PDT-treated oral cancer cells using polyethylene glycol-polyethyleneimine-chlorin e6 (PEG-PEI-Ce6) NPs. PEG-PEI-Ce6 nanoparticle-mediated PDT in combination with Wnt-1 siRNA significantly inhibited cell growth and enhanced the killing effect on cancer cells, Figures 2D–F (Ma et al., 2017). The application of nanomaterials has overcome the limitations of the traditional treatments and has provided new options for the treatment of oral cancer patients.
POLYMERIC NANOPARTICLES FOR ORAL CANCER THERANOSTICS
In traditional clinical practice, the time-phased medical model of diagnosis followed by treatment is cumbersome. Nanopolymer drug delivery platforms have been used to integrate the process of diagnosis and treatment as a new direction of tumour theranostics (Lim et al., 2015). In some investigations, highly sensitive fluorescence for diagnosis and multimodal therapy have been integrated into a single system through nanodrug delivery platforms to achieve diagnosis and treatment of oral cancer. Wang et al. designed and synthesised a multimodal near infrared (NIR)-II nanoprobe, [4,4'-((6,7-bis(4-(hexyloxy)phenyl)-[1,2,5]thiadiazolo [3,4-g]quinoxaline-4,9-diyl)bis (thiophene-5,2-diyl))bis (N,N-diphenylaniline)] TQTPA loading cis-dichlorodiammine platinum (CDDP) (HT@CDDP) by hyaluronic acid. They proved to have good stability and water solubility and exhibited biocompatibility and low systemic toxicity. In vitro and in vivo experiments demonstrated that the NPs have good imaging capabilities and are capable of drawing the outlines of orthotopic tongue tumors and metastatic lymph nodes as small as 1 mm in nude mice by IR-808 under NIR exposure. Also, the NPs can be used as a multimodal therapeutic agent combining photothermal therapy with chemotherapy to achieve combined chemotherapy-photothermal treatment (Wang et al., 2019b). The strategy of treatment with simultaneous visual diagnosis simultaneous facilitates real-time monitoring of the treatment’s effects and the formulation of individualised treatment plans. Thus, it is considered a promising strategy for early clinical cancer diagnosis and treatment that deserves further investigation.
CONCLUSION
Herein, we reviewed the progress of research on polymeric NPs in oral cancer prevention, diagnosis and treatment. Polymeric NPs provide new platforms and ideas for the diagnosis and treatment of oral cancer that are worth exploring in greater depth. During the last decade, research in nanotechnology in the field of medical oncology has been in full swing. However, the polymeric NPs also have drawbacks: research indicates that some polymeric NPs are prone to hazardous degradation and toxic monomer aggregation, necessitating further research into their synthesis and chemical characteristics. Importantly, there are still some pressing issues in the study of polymeric nanoagents for oral cancer applications. Changes in the tumour microenvironment (e.g., temperature and pH) often affect the effectiveness of nanoplatform-based drug delivery systems. In this context, NPs regarding the tumor microenvironmental response are being studied extensively, still not in oral cancer. The large discrepancies between the results of in vivo and in vitro experiments have raised major doubts concerning the effectiveness of nanosystems in humans. In addition, the targeting efficiency of polymer NPs in vivo has not achieved the desired effects. Due to the lack of specific markers in oral cancer, since some proteins that are overexpressed on the surface of tumour cells also exist in normal cells, the manner to further improve the efficiency of passive and active targeting remains to be elucidated.
There is no denying that nanotechnology, especially polymeric nanocarrier platforms, has the potential to be the most effective and beneficial form of treatment and diagnosis of cancer in the future. Further research is needed to translate nanotechnology concepts into practical applications. In the coming years, it will play a key role in early tumour detection, diagnosis and treatment procedures. However, polymer NPs-based diagnosis and treatment of oral cancer still has a long future.
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Cancer is still a global public health problem. Although remarkable success has been achieved in cancer diagnosis and treatment, the high recurrence and mortality rates remain severely threatening to human lives and health. In recent years, peptide nanomedicines with precise selectivity and high biocompatibility have attracted intense attention in biomedical applications. In particular, there has been a significant increase in the exploration of peptides and their derivatives for malignant tumor therapy and diagnosis. Herein, we review the applications of peptides and their derivatives in the diagnosis and treatment of bladder cancer, providing new insights for the design and development of novel peptide nanomedicines for the treatment of bladder cancer in the future.
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INTRODUCTION
One recent report from the World Health Organization’s International Agency for Research on Cancer (IARC) released the latest global cancer burden data, showing that 4.57 million cancer cases and 3 million resultant deaths increased in 2020 in China. Among them, bladder cancer is one of the common urinary malignancies and ranks among the top ten cancers in terms of morbidity and mortality. Bladder cancer is one of the most expensive cancers to cure because of its high recurrence rate (Barani et al., 2021). Although new techniques involving radiotherapy, immunotherapy, chemotherapy, etc., are blossoming in the treatment of bladder cancer (Booth et al., 2018; Tree et al., 2018; Wołącewicz et al., 2020), their toxic side effects and high costs limit their broad applications in clinical applications. Early diagnoses, including the examination of circulating tumor cells, CT scan, magnetic resonance imaging, positron emission tomography, bone scan, chest X-ray, etc., are crucial for the diagnosis and treatment of bladder cancer (Todenhöfer et al., 2018; van der Pol et al., 2018; Wu et al., 2018), but their disadvantages, such as nonspecificity, heterogeneity, and excessive detection, still limit their potential clinical applications (Faba et al., 2019). Cystoscopic biopsy can improve the diagnostic accuracy, but it is difficult to identify superficial mucosal lesions such as carcinoma in situ, and it is invasive. Abscission cytology is a standard non-invasive test for the diagnosis and monitoring of bladder cancer. It has the disadvantage of being insensitive to low-grade tumors and depends on accurate diagnosis by the pathologist (DeGeorge et al., 2017).
The primary purpose of drug delivery is to send enough drug payloads to the lesion sites while minimizing their exposure to healthy tissues. To improve the specificity and pharmacokinetics of anticancer drugs and avoid the side effects of traditional therapies, two main strategies involving drug carriers and covalent modifications are widely used. Drug carriers such as nanoparticles and hydrogels can protect drugs from the external environment before on-demand release when they reach lesion sites. Meanwhile, the physical and chemical properties of the drug carriers significantly determine their biological distributions (Fan et al., 2021; Huang et al., 2021). Covalent modifications enable temporarily masking or limiting the bioactivity of the drugs and confer them with the desired pharmacokinetics (Lin et al., 2019; Cooper et al., 2021; Yang et al., 2021). It is noteworthy that both the abovementioned strategies can alleviate the burden of drug metabolism and improve the therapeutic effects of the original drugs. Among numerous drug molecules, peptides are highly competitive candidates for the treatment of bladder cancer because of their small sizes, high specificity, low systemic toxicity, etc. In addition, the diagnosis of bladder cancer mainly depends on pathology and imaging examinations, while the detection accuracy is still low. Using specific biomarkers on bladder tumor cells, peptide nanotechnology can significantly improve the sensitivity and specificity for the diagnosis of bladder cancer. (Pan et al., 2014; Tummers et al., 2017).
PEPTIDE-INSTRUCTED TUMOR DIAGNOSIS
Magnetic resonance imaging (MRI) is a noninvasive technique for tumor diagnosis in current clinical medicine. Although it has been shown that MRI has the ability to display three-dimensional anatomical details without injury and provide high spatial resolution without invasiveness, MRI is still less sensitive than fluorescence imaging for monitoring tiny tissue damage, cellular activity, molecular activity, etc (Chandra et al., 2010; Schroeder, 2008). Therefore, the development of new contrast agents is expected to enable the improvement of the detection accuracy of MRI. Paramagnetic Gd3+ complexes and superparamagnetic iron oxide (SPIO) nanoparticles are two widely used contrast agents in MRI detection. Compared with the paramagnetic Gd3+ complex, SPIO is a better alternative to MRI contrast agents, of which the signal contrast is several orders of magnitude higher than that of the traditional Glacki contrast agent (Jun et al., 2008). In a study of human bladder tumors, the researchers reported that 1.5T magnetic resonance imaging using SPIO as the contrast agent realized in situ detection of malignant tumors with a small size to ∼4 mm, while it was unable to effectively distinguish the depth of tumor invasion into the bladder walls (Beyersdorff et al., 2000). The main reason is that the cellular internalization levels of SPIO are limited, and less than 1% of SPIO is internalized by nonspecific endocytosis pathways (Moore et al., 2001). Due to the great promise of SPIO in MRI applications, researchers have endeavored to develop a variety of SPIO conjugates to enhance its cellular uptake ratio, in which cell-penetrating peptides (CPPs), such as R11, are considered to be one of the best transporters to improve the active internalization of nanoparticles into target cells (Hsieh et al., 2011; Ding et al., 2017). Ding et al. recently also developed an SPIO nanoparticle whose surfaces are unctionalized with bladder cancer-specific fluorescein isothiocyanate (FITC) labeled cell-penetrating peptide (CPP) -polyarginine peptide (R11) for active targeting and imaging for bladder cancer, respectively. Their study showed that SPIO-R11 nanoparticles can be internalized by T24 cells in a dose-dependent manner, and that SPIO-R11 internalized dose is higher than that of SPIO itself, since R11 is a cell-permeable peptide that enables efficient drug delivery. Transmission electron microscopy (TEM) results indicated that SPIO-R11 is mainly located in cellular vesicles and lysosomes, but no signals in the nucleus were found. Due to the cellular specificity of SPIO-R11, the uptake of nanoparticles into bladder cancer cells was significantly higher than that of immortalized bladder epithelial cells. In addition, SPIO-R11 had a lower T2 relaxation time in MRI than SPIO. These results suggested that SPIO-R11 has great potential as a targeted contrast agent for the diagnosis and treatment of bladder cancer (Ding et al., 2017).
Tumor cells are mutated from normal cells, of which the signal transduction pathways are significantly different from those of normal cells. Therefore, many signaling regulators or regulatory proteins are overexpressed in tumor cells and can be used as specific targets for tumor diagnosis (Oh and Bang, 2020; Wilson et al., 2021). Recently, targeted peptides have attracted intense attention because they can specifically bind with receptors on tumor cells. By conjugating with radioactive or fluorescent probes, scientists have prepared a variety of peptide probes to specifically orient and image tumors (Ciobanasu, 2021; Kwak et al., 2021; Lu et al., 2021; Sonju et al., 2021; Wang et al., 2021). For instance, Wei et al. recently constructed a loaded nanoscale oxygen generator (PLZ4@SED) by conjugating superparamagnetic iron oxide nanoparticles (SPIOns) with peptide motifs specific to bladder cancer cells. PLZ4@SED showed good tumor targeting and permeability to patient-derived bladder cancer cells. Meanwhile, they illustrated that the presence of PLZ4@SED can improve the contrast of MRI and promote chemotherapeutic efficacy by producing oxygen through the Fenton reaction to relieve hypoxia. It was also reported that PLZ4@SED presented great potential in the diagnosis and treatment of bladder cancer (Lin et al., 2021). Sweeney et al. (2017) demonstrated one successful application of mesoporous silica nanoparticles (MSN), which are functionalized using a bladder cancer-specific peptide CyC6, as the magnetic resonance contrast agent. Due to the effective binding of the modified MSN to tumor cells, tumor boundaries were much clearer in the T1-and T2-weighted MRI and fluorescence cystoscopic inspections compared to the traditional technique.
Cystoscopy is one gold standard for the diagnosis of bladder cancer. However, cystoscopy is an invasive and costly technique, and it is difficult to detect flat malignancies using this technique. Meanwhile, urine cytology is low-sensitivity for detecting low-grade lesions, of which the detection accuracy is highly dependent on the experience of the cytopathologists (Grossman et al., 2006; Alfred Witjes et al., 2017; Babjuk et al., 2017). Recently, several potential biomarkers have been identified that could potentially provide noninvasive and objective approaches for the detection of bladder cancers (Kluth et al., 2015). Lee et al. presented one peptide conjugate consisting of fluorescein and the peptide sequence of CSNRDARRC. They reported that the peptide conjugate can specifically bind to bladder cancer tissue using frozen sections. Meanwhile, the peptide conjugate could selectively bind to bladder tumor epithelial cells when it was injected into the bladder cavity using a tumor-bearing rat model. Furthermore, Lee et al. found that the peptide conjugate had the ability to indicate bladder tumor cells in urine, presenting great potential to be exploited as a real-time diagnostic probe to detect bladder cancer (Lee et al., 2007). Prothrombin activators (TSPs) can prevent angiogenesis in a variety of pathological conditions. Some structural domains and peptide derivatives of TSP-2 enable the promotion of angiogenesis in BC tissues. 4N1K (KRFYVVMWKK), derived from the C-terminal cell-binding domain of TSP-2, plays an important role in the pathology and prognosis of bladder cancer. Using the hematoxylin-eosin (H&E) staining technique to examine tumor tissues from bladder cancer patients, Nakamura et al. verified that 4N1K was significantly correlated with the tumor apoptosis index and microvascular density but negatively related to T stage, metastasis and tumor grade; promising 4N1K may be a useful biomarker and a new therapeutic target for UC-UUT patients (Nakamura et al., 2019).
PEPTIDE-INSTRUCTED LOCAL CHEMOTHERAPY
Transurethral resection combined with chemotherapeutic infusion is the standard treatment protocol for nonmuscular invasive bladder cancer. However, the low bioavailability (GuhaSarkar and Banerjee, 2010) and short retention period of the current chemotherapeutic drugs (Tyagi et al., 2006; Wirth et al., 2009) restricted their exposure time at the lesion sites. Along with the advancement of nanotechnology, nanocarrier drug delivery systems show advantages in solving these problems. Guo et al. (2017) designed and synthesized a kind of positively charged intelligent peptide nanocarrier cross-linked with disulfide bonds [i.e., PLL-P (LP-co-LC). They prepared one nanogel system (NG/HCPT) using this nanocarrier by artificially loading 10-hydroxycamptothecin (10-HCPT). Compared with free 10-HCPT, NG/HCPT not only has a higher drug loading rate, longer retention time, and stronger tissue penetration ability but can also accurately and rapidly release 10-HCPT into bladder cancer cells, significantly enhancing the corresponding antitumor effects and reducing the side effects (Figure 1). In 2020, Guo et al. further synthesized a new R9-polyethylene glycol poly (L-phenylalanine-L-cysteine) nanogel (R9-PEG-P (LP-co-LC)] based on NG/HCP, which can improve the adhesion and permeability of chemotherapeutic drugs. They prepared the R9NG/HCPT nanogel using 10-HCPT as a model drug. The morphology of R9NG/HCPT is similar to that of an octopus with a spear. Highly positively charged R9 with strong membrane penetrability can help R9NG/HCPT pass across the bladder walls and enhance its cellular adhesion interactions through nonspecific and electrostatic interactions, thus enabling prolonged exposure to chemotherapeutic drugs at the lesion sites. This system significantly improved the tumor suppression efficiencies of 10-HCPT in both in situ mice and rat tumor models, suggesting great potential in the local chemotherapy of bladder cancer (Guo et al., 2020).
[image: Figure 1]FIGURE 1 | After intravesical instillation of NG/HCPT, the selective accumulation of nanodrugs in tumor tissue finally releases HCPT triggered by GSH(Guo et al., 2017).
Polymeric micelles constructed using amphiphilic block copolymers have been widely explored in recent decades due to their high drug loading efficiency, long cycle time, well-controlled release ability, and good targeting properties (Xiao et al., 2012). Recently, Zhou et al. developed an amphiphilic diblock copolymer poly (ε-caprolactone)-b-polyoxyethylene (PCL-b-PEO) containing integrin targeting motif c (RGDfK) and imaging dye FITC. The copolymer assembled into micelles and strongly interacted with bladder cancer T24 cells. After encapsulation with doxorubicin (DOX), the micelle could efficiently prevent the proliferation of T24 cells and was expected to be used as a nanoscale drug delivery system for bladder perfusion chemotherapy (Zhou et al., 2013).
The combination usages of two or more drugs showed great advantages in cancer treatments involving improving therapeutic efficacy, lowering side effects, and preventing drug resistance, which are promising strategies for the treatment of refractory cancers. The positively charged adhesive chitosan-polymethacrylic acid (CM) nanocapsules loaded with DOX and cisplatin modified with peptide (Pt-Aly) presented high drug loading efficiency and sustained drug release properties. Meanwhile, CM nanocapsules can be firmly attached to the surface of the bladder cavity, prolong the retention time of the payload in the bladder, and have the effect of synergistically killing UMUC3 bladder cancer cells. In addition, CM nanocapsules have no obvious damage to the urothelium, which is expected to cooperate with intravesical chemotherapy in the treatment of non-muscle invasive bladder cancer (Lu et al., 2016). Overall, the intelligent peptide nanogel systems have much more powerful retention efficiency and permeability, providing a promising drug delivery platform for local chemotherapy of bladder cancer.
PEPTIDE-ASSISTED SYSTEMIC CHEMOTHERAPY
Systemic chemotherapy is one of the dominant techniques used to treat musculoskeletal invasive bladder cancer (Calabrò and Sternberg, 2009; Yin et al., 2016). However, nonspecific distributions of traditional chemotherapeutic drugs in human bodies have caused severe toxicity to normal tissues, including liver and kidney organs, bone marrow, gastrointestinal tract tissues, etc., and significantly limited their clinical applications. Therefore, researchers are endeavoring to develop new drug delivery systems that can transport the chemical drugs into the desired sites to improve their therapeutic effects (Cheng et al., 2019; Sonju et al., 2021). Peptide-drug conjugates are promising prodrugs for the treatment of cancer that combine one or more traditional chemical drugs with short peptides through biodegradable linkers. This prodrug strategy can uniquely and specifically employ the bioactivity and self-assembling properties of short peptides to enhance the therapeutic efficacy of traditional drugs (Cooper et al., 2021). Zeng et al. (2021b) recently developed one short-peptide prodrug, HCPT-FF-GFLG-EEYASYPDSVPMMS, consisting of 1) a self-assembling motif (i.e., -FF-); 2) an EphA2 targeting sequence on T24 cancer cells (i.e., YSAYPDSVPMMS); and 3) one short peptide linker responsive to the CtsB enzyme (i.e., GFLG). They found that this prodrug could be efficiently encapsulated by T24 cells and cleaved intracellularly by CtsB, resulting in nanofibrils in T24 cells (Figure 2). The formation of nanofibrils loaded with HCPT prolonged its circulation period in vivo. Moreover, this prodrug system could precisely deliver HCPT into T24 cancer cells, reduce its accumulation in normal tissue and lower the side effects. Pan et al. prepared one kind of nanomedicine, DC-PNM-PTX, in which one bladder targeting peptide sequence, PLZ4, one polymeric micelle, and the chemical drug paclitaxel (PTX) were involved. They reported that DC-PNM-PTX could specifically target bladder cancer cells, prevent bladder tumor growth in a xenograft tumor model, and efficiently prolong mouse survival compared to unmodified PTX. Nanomaterials modified with multiple ligands targeting cell membrane receptors play positive roles in tumor therapy, which is beneficial for reducing the toxicity and side effects of traditional chemotherapy and improving antitumor outcomes (Pan et al., 2016).
[image: Figure 2]FIGURE 2 | (A) The molecular structure of HCPT-FF-GFLG-EEYSAYPDSVPMMS; (B) The illustration of the bladder tumor cell targeting, intracellular fibrillation and drug release of HCPT-FF-GFLG-EEYSAYPDSVPMMS(Zeng et al., 2021a).
PEPTIDE-INSTRUCTED GENE THERAPY
Gene therapy is a revolutionary technique that directly uses therapeutic genes to treat various diseases. As one alternative to traditional treatments (Dunbar et al., 2018; High and Roncarolo, 2019), the first clinical trial of gene therapy was approved in 1989, and nearly 2,600 trials have been completed or are under their ways worldwide until now (Ginn et al., 2018). However, it is still challenging to direct the genes into targeted cells without damaging other cells. It has been shown that virus-like particles (VLPs) from human JC polyomavirus (JCPyV) can package and deliver exogenous DNA into sensitive cells for gene expression (Chang et al., 1997). To improve the specificity of gene therapy, Lai et al. (2021) conjugated SPB peptides targeting bladder cancer cells onto JC polyomavirus (JCPyV) virus-like particles (VLPs) and succeeded in the delivery of the suicide gene thymidine kinase. Both in vitro and in vivo experiments illustrated that the suicide gene was only expressed in human bladder cancer cells but not in lung cancer and neuroblastoma cells that were sensitive to JCPyV VLP infection, implying the great specificity of VLP-SPBs. Meanwhile, the gene transduction efficiency of VLP-SPBs is approximately 100-fold that of the VLP itself. The binding of JCPyV VLPs with specific peptides can improve their original affinities and change the expression directions of the packed genes. Moreover, VLP-SPBs presented the ability to selectively prevent the growth of bladder tumors but had no significant inhibitory effects against lateral lung tumors. In general, gene therapy is one flourishing technique to treat various diseases, and malignancies are their main enemy. The applications of the targeted peptide delivery systems enable artificial control and regulation of gene expression at the cellular level, thus succeeding in disease treatments but not affecting normal tissues and organs.
Epidemiological data have shown that more than 50% of human malignancies, including bladder cancer, are related to mutations in the p53 gene (Hainaut et al., 1997). Mutant p53 protein enables the acceleration of tumor formation and metastasis and is associated with resistance to radiotherapy and chemotherapy, as well as poor prognosis (Al-Sukhun and Hussain, 2003). The functional restoration of p53 protein can promote the expression of downstream genes to block cell cycles or induce cell apoptosis, resulting in the suppression of tumor progression. It has been shown that one C-terminal peptide sequence (p53c) can restore the binding ability to specific DNA sequences and the transactivation function of the mutant p53 gene, leading to p53-dependent apoptosis of tumor cells (Selivanova et al., 1997). However, due to the lipophilicity of biological membranes and their roles as biological barriers to defeat exterior enemies, many synthetic compounds cannot cross cell membranes. R11 can be specifically captured by bladder and prostate tissues and is promising for use as a drug or probe carrier for the treatment and detection of upper urinary tract tumors (Hsieh et al., 2011; Ding et al., 2017). Zhang et al. showed that the synthetic peptide R11-p53c can be effectively and preferentially delivered into bladder cancer cells, resulting in the reactivation of the p53 gene and inhibition of tumor growth. More interestingly, R11-p53c also presented excellent antitumor effects in primary and metastatic tumor models, which could prolong the survival period while having no significant systemic toxicities. In addition, their study also illustrated that R11-p53c could prevent the growth of both mutant and recombinant p53c tumor cells but had no significant inhibitory effects on normal cells. It was also noted that transcriptional levels of several p53 target genes were upregulated after treatment with R11-p53c. Overall, R11-p53c has the potential to treat both primary and metastatic bladder cancer and should be a promising therapeutic agent for the treatment of upper urinary tract tumors. (Hsieh et al., 2011).
PEPTIDE-MEDIATED PHOTOTHERMAL THERAPY
Photothermal therapy (PTT) is a highly promising strategy to defeat malignancies that mainly utilizes photothermal materials to convert light energy into heat in situ, finally raising the local temperature to result in cell apoptosis and tumor killing (Gao et al., 2019; Chen et al., 2020; Jiang et al., 2020). By taking advantage of photothermal conversion, PTT has been widely used in a variety of tumor treatments, and some of them are under clinical trials (Timko et al., 2010; Chen et al., 2014). One crucial issue for PTT applications is to develop carrier materials with good selectivity to tumor cells. Tao et al. (Tao et al., 2019) loaded folate-modified vincristine into polydopamine-coated Fe3O4 (Fe3O4@PDA-VCR-FA SPs) and applied them for the treatment of bladder cancer. PDA shells can not only improve colloid stability and biocompatibility but also enhance photothermal effects and prolong the blood circulation period. The half-life period in blood and the tumor retention rate of Fe3O4@PDA-VCR-FA SPs are 2.83 h and 5.96% ID g−1, respectively, which are significantly improved compared with those before folic acid modification. The superparamagnetism of Fe3O4 and the loading of vincristine enable arming Fe3O4@PDA-VCR-FA SPs with nuclear magnetic resonance imaging (NMRI) and chemotherapy abilities. With the further help of near-infrared laser-triggered photothermal therapy, Fe3O4@PDA-VCR-FA SPs can completely remove bladder cancer and prevent its recurrence. Moreover, no obvious toxicity to the liver, kidney or other organs was detected through biochemical and pathological tests, suggesting the good biocompatibility of Fe3O4@PDA-VCR-FA SPs. Zeng et al. (2021b) recently reported a novel RGD-mediated photosensitive drug-peptide conjugate (BBTD + GA/PEG-RGD) for the treatment of musculoskeletal invasive bladder cancer. This system can specifically target integrin αvβ3 outside the membrane of bladder cancer. Meanwhile, the system can prevent the overexpression of heat shock protein 90 and reduce the resistance of cancer cells to heat stress, finally succeeding in low-temperature PTT with great antitumor properties (Figure 3). Furthermore, the results of animal experiments showed that this system had advantages involving 1) good tumor targeting ability and stability; 2) less thermal damage to normal tissue; 3) great therapeutic effects against musculoskeletal invasive bladder cancer; and 4) a longer survival period compared to the control groups. Low-temperature PTT is highly effective in preventing tumor growth without damaging normal tissues, promising great clinical applications for optical tumor therapy in the future.
[image: Figure 3]FIGURE 3 | Schematic illustration of synthesizing BBTD + GA/PEG-cRGD nanoparticles for photohyperthermia therapy of MIBC(Zeng et al., 2021a).
THERAPEUTIC PEPTIDES
Mitochondria play an important role in apoptotic death (Bock and Tait, 2020), and some anticancer agents can destroy mitochondrial functions and induce tumor cell apoptosis (Vasan et al., 2020). One typical example is the cationic amphiphilic peptide KLAKLAKKLAKLAK (i.e., KLA). KLA is a natural antibacterial peptide that can bind and damage negatively charged bacterial membranes. Normally, KLA does not damage eukaryotic membranes and has no toxicity to eukaryotic cells. However, internalized KLA can rupture the mitochondrial membrane, resulting in cytochrome C release and cell apoptosis (Huang et al., 2017). KLA is always conjugated with transmembrane peptides (CPPs) to promote its internalization efficiency by tumor cells; however, the conjugated KLA-CPPs also have high cytotoxicity to normal cells because of their nonspecific interactions (Wang et al., 2016). To overcome the potential nonspecific interactions, Jung et al. designed and synthesized a mixed peptide (Bld-1-KLA) consisting of 1) a targeting peptide to bladder cancer cells CSNRDARRC (Bld-1) and 2) an effector peptide D-KLAKLAKKLAKLAK (KLA) that can destroy the mitochondrial membrane and induce apoptosis. Bld-1-KLA can selectively bind and internalize into bladder cancer cells to induce cell apoptosis without significant toxicity to other tumor cells and normal cells. After intravenous administration of Bld-1-KLA in the HT1376 tumor-bearing mouse model, it was shown that Bld-1-KLA had a higher tumor homing and inhibition ability than the control groups (Figure 4). Together, these results suggest that Bld-1-KLA is a promising targeted therapeutic against bladder cancer (Jung et al., 2016).
[image: Figure 4]FIGURE 4 | Bld-1-KLA destroys the mitochondrial membrane and induces apoptosis.
Fibroblast cytokine 9 (FGF9) is overexpressed in many cancer cells (Ren et al., 2016; Mizukami et al., 2017), and its targeted receptor FGFR3c is an important driver of bladder cancer progression (Iyer and Milowsky, 2013; Wang et al., 2020). The important role of FGFR3c makes it an important therapeutic target for the treatment of bladder cancer. Wang et al. (2020) reported one FGF9 binding peptide, P4, using the phage display technique. Meanwhile, they found that P4 is highly homologous to the immunoglobulin-like domain II-III (D2-D3) of FGFR3c using sequence comparison. Functional analysis showed that P4 had the ability to prevent the FGF9-induced aggressive phenotypes, including cell proliferation, migration, and invasion, and inhibit tumor progression by downregulating the MAPK and Akt cascade pathways. More importantly, FGF9 was found to be a potential driver of drug resistance in gastric and bladder cancer cells, in which the presence of P4 can increase the sensitivity of chemical drugs. In conclusion, Wang’s study identified a novel FGF9-binding peptide that may serve as a potential agent to treat malignancies with abnormally upregulated FGF9.
CONCLUSION
In recent decades, significant success has been achieved in the diagnosis, treatment, and prevention of bladder cancer. However, bladder cancer is characterized by polycentricity, multiple occurrences, and recurrence, suggesting great challenges for its clinical treatment. With the development of modern biosynthesis technology, peptide nano drugs have become one of the hot spots in drug research. Compared with monoclonal antibody drugs, recombinant protein drugs and small molecule drugs, peptide nano drugs have the characteristics of simple spatial structure, significant curative effect and high safety, and have been widely used in the diagnosis and treatment of tumors. With the continuous progress of related technologies, the clinical application of peptide nano drugs is more and more in-depth, and the development space is broad. Peptides are promising for intracellular delivery of chemical drugs, DNA, siRNA, fluorescent molecules and nanoparticles. Compared with other chemical entities, peptides have the advantages of low molecular weight, low cost and good stability. At the same time, polypeptides can be easily modified to attach and enter tumor cells, and finally transport the goods to the desired and desired places. In general, peptide nanodrugs can improve tumor targeting and permeability, reduce systemic toxicity, reduce and prevent recurrence, shorten treatment time and reduce treatment cost. They are of great value for the clinical application of bladder cancer. Peptide drugs have outstanding advantages. With the continuous progress of biotechnology and peptide synthesis technology, peptide drugs have broad market development space and are expected to become one of the main drugs for cancer diagnosis and treatment (Lin et al., 2021).
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Cancer has emerged as one of the most severe diseases in modern times, various therapies have advanced remarkably in recent decades. Unlike the direct therapeutic targeting tumor cells, immunotherapy is a promising strategy that stimulate the immune system. In cancer immunotherapy, polymeric-based nanoparticles can serve as deliver systems for antigens and immunostimulatory molecules, and they have attracted increasing attention and revolutionized cancer therapy. Poly (lactic-co-glycolic acid) (PLGA) is the most frequently used clinically approved biodegradable polymer and has a broad scope of modification of its inherent properties. Recent advances in PLGA based drug delivery systems in cancer immunotherapy have been described in this mini review, with special emphasis on cancer vaccines and tumor microenvironment modulation.
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INTRODUCTION
Cancer immunotherapy has received extensive attentions in the past decades, and it has been the fourth most important cancer therapy, after surgery, radiation therapy, and chemotherapy. The rational combination of cancer immunotherapy with other therapeutic modalities has gradually become an emerging therapeutic strategy (Chen et al., 2021). However, mainly due to the lack of effective vectors, many pre-clinical trials have failed to progress to the clinical stage. Nanotechnology offers an opportunity to overcome these limitations. Compared to its bulk structures, nanoparticles have remarkable properties such as smaller size (1–100 nm in diameter), greater surface area to volume ratio, higher cell penetration ability, and enhanced physicochemical properties (Javad et al., 2015). Due to these unique properties, nanoparticles hold great interests in various biomedical applications, and they have also been extensively used as carriers in cancer immunotherapy. As the most widely used immunostimulatory nanoparticles, polymeric nanoparticles are highly appreciated for their preeminent biocompatibility, aqueous solubility, high payload capacity, backbone stability and feasibility of modification to increase targeting ability or responsiveness (Thakur et al., 2020).
The widely developed polymeric nanoparticle-based delivery systems for cancer immunotherapy usually have a core–shell (also known as membrane-core) structure wherein the hydrophobic or charged polymers form the inner core, while the shell-forming polymers have neutral, hydrophilic and flexible properties for stealth nanoparticles. Based on the amphiphilic property, a variety of formulation strategies such as the oil-in-water (O/W) single emulsion process (for hydrophobic cargos) and the water-in-oil-in-water (W/O/W) double emulsion method (for hydrophilic cargos), have been used. Stimuli-responsiveness (temperature, pH, enzymatic, reductive or oxidative, etc.) can be imparted into the core, shell and/or the linkages.
PLGA (poly-D,L-lactide-co-glycolide) is one of the most successfully used biodegradable polymers for the development of nanomedicines (Acharya and Sahoo, 2011; Rezvantalab et al., 2018; Roointan et al., 2018). Since the body effectively deals with the two biodegradable monomers of PLGA (lactic acid and glycolic acid, which can then be metabolized via the Krebs cycle yielding nontoxic byproducts H2O and CO2, see Figure 1), it shows very minimal systemic toxicity for drug delivery. A major advantage of PLGA over other polymers is that PLGA has been approved by the U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA) for pharmaceutical applications via parenteral and mucosal routes, leading PLGA-based nanoparticles in a good position for clinical trials (Vasir and Labhasetwar, 2007; Rocha et al., 2022).
[image: Figure 1]FIGURE 1 | Hydrolysis of PLGA and metabolization of the two monomers.
Because vaccines can be easy to deploy and have historically represented an approach that has brought enormous medical benefit, therapeutic vaccines against cancer have been explored since the early discovery of tumor-specific antigens (Zhang et al., 2018). In the cancer-immunity cycle, cancer vaccines can primarily promote the cancer antigen presentation step (Chen and Mellman, 2013) (Figure 2) to accelerating and expanding the production of T cell immunity. Although vaccine strategies for the generation of tumor-specific immunological responses continue to have great promise, they were limited on two aspects. First, a general lack of understanding of how to identify proper cancer vaccine delivery system to achieve potent cytotoxic T cell responses. Second, immunosuppressive environment within the tumor resulted in poor therapeutic outcome in clinic. Thus, in this review, we have focused on both cancer vaccines and tumor microenvironment modulation aimed at resulting in an effective systemic antitumor immunity.
[image: Figure 2]FIGURE 2 | The cancer-immunity cycle. The goal of cancer immunotherapy is to initiate or reinitiate a self-sustaining cycle of cancer immunity. Abbreviations are as follows: APCs, antigen presenting cells; CTLs, cytotoxic T lymphocytes.
CANCER VACCINES
Tumor-associated antigens (TAAs), the adjuvants, and the delivery system are three essential components of therapeutic vaccine (Li et al., 2018). In cancer immunotherapy, PLGA nanoparticles have been tested as delivery systems to ameliorate the efficiencies of therapeutic vaccines. Tumor-associated antigens (TAAs), adjuvants as toll-like-receptor (TLR) agonists, and also tumor lysates have been encapsulated in PLGA nanoparticles (Kohnepoushi et al., 2019). In a study reported by Chen et al. (2016), photothermal agent Indocyanine green (ICG), and Toll-like-receptor-7 agonist imiquimod (R837), were co-encapsulated into PLGA nanoparticles by oil-in-water (o/w) emulsion method. When the multifunctional nanoparticles were used for photothermal ablation of primary tumors, they can generate TAAs, which induce vaccine-like immune responses with R837 as the adjuvant. In combination with the checkpoint-blockade therapy using anti-cytotoxic T-lymphocyte antigen-4 (CTLA4), the generated immunological responses are able to attack the remaining tumor cells in mice, provide inhibition in metastasis and offer a strong immunological memory effect. This strategy showed that combining tumor-specific vaccines that stimulate cytotoxic T lymphocytes (CTL) responses with immune checkpoint blockade therapy is an attractive tool. Recently, Koerner et al. (2021) developed a vaccine based on PLGA particles possess a relatively broad size distribution ranging from nanosized up to 1.5 µm sized particles. Ovalbumin (OVA) and double-stranded (ds) RNA adjuvant Riboxxim were co-encapsulated into the PLGA particles. PLGA particles induced the supreme adjuvant effect of Riboxxim, potently activated murine and human dendritic cells, and elevated tumor-specific CD8+ T cell responses. This PLGA particle vaccine delays tumor progression, suppresses tumor metastasis, and provides prolonged survival of immunized mice, and its advantageous therapeutic potency was further enhanced by immune checkpoint blockade that resulted in reinvigoration of cytotoxic T lymphocyte responses and tumor ablation.
Fast recognition and non-specific clearance of nanoparticles by innate immune system, clinical applications of nanoparticles are usually hampered. To further improve the potency, deliver more antigens to the desired site, some modifications of PLGA nanoparticle-based delivery systems were studied. To enhance antigen processing and presentation, the endosomal membrane disrupting agent hydroxychloroquine (HCQ) was encapsulated into PLGA nanoparticles with ovalbumin (OVA) (Liu et al., 2018). In vitro experiments showed the nanoparticles enhanced OVA escape from the lysosome into the cytoplasm and also improved cross-presentation of antigen. In vivo studies concluded that this co-delivery nanovaccine can provide strong CD8+ T cell immune responses that induced tumor cell apoptosis and long-lasting antigen-specific memory immune responses in vaccinated mice. Zhang et al. (2020) have developed a PLGA nanoparticle vaccine in which PLGA nanoparticle as delivery system encapsulated the antigenic peptide HPV16 E744-62 and adenosine triphosphate (ATP) as adjuvant component. Peptides were encapsulated into PLGA nanoparticles using a two-stage emulsification method, ATP was introduced by simple mixing 10 μl ATP with 90 μl of E744-62-loaded nanoparticles. Employing PLGA nanoparticles increased lymph node accumulation, and dendritic cell (DC) uptake of the E7 peptide. ATP adjuvant further increased the migration, nanoparticle uptake, and maturation of DCs. ATP-adjuvanted nanoparticles stimulated cell-mediated immune responses, completely abolished the growth of TC-1 tumors, produced long-lasting immunity and significantly delayed tumor progression in vaccinated mice.
Because of the “proton sponge” effect-induced antigen escape, cationic polymers can facilitate antigen adsorption and uptake by APCs such as DCs (Chen et al., 2014). To endow the PLGA nanoparticles with positive surface charge, a relatively safe cationic surfactant dimethyl-dioctadecyl-ammonium bromide (DDAB) is chosen, and the DDAB/PLGA nanoparticles were prepared using nanoprecipitation (Han et al., 2021). The positively charged surface of the DDAB/PLGA nanoparticles enabled the negatively charged antigen of the model antigen ovalbumin (OVA257-264) to be easily absorbed to the surface via electrostatic interaction to obtain an OVA@DDAB/PLGA nanovaccine. Experiments performed in vitro revealed that the nanovaccine induced antigen escape from lysosome into cytoplasm with 10 times increased cross-presentation activity than naked OVA. The nanovaccine showed excellent draining lymph nodes (LNs) transportation ability by passive lymphatic drainage and active DC transport. After immunization, the OVA@DDAB/PLGA nanovaccine can stimulate both humoral and cell-mediated immune responses and offer a strong immunological memory effect.
Another strategy that exhibits great potential in the disease diagnosis and therapeutics is membrane coating nanotechnology (Liu et al., 2022). It has revolutionized the design of cancer vaccine by endowing targeting, antigen presentation and immune stimulation. Diverse membrane coating platforms have been developed for cancer vaccine design. In a study by Yang et al. (2018), TLR7 agonist imiquimod (R837) loaded PLGA nanoparticles were coated with B16-OVA cancer cell membranes, whose surface proteins could act as tumor specific antigens. The obtained nanoparticles were further modified with mannose by a lipid-anchoring method. This PLGA complex was efficiently targeted and internalized by antigen presenting cells (APCs) such as DCs, which triggered potent antitumor immunotherapeutic efficacy. Yang et al. (2019) designed a lipid-coated PLGA hybrid particles for the co-delivery of mRNA and TLR7 adjuvant. In this carrier system, the PLGA core enabled the efficient loading of the hydrophobic gardiquimod, and the lipid shell loaded the mRNA via electrostatic interaction. The hybrid nanovaccine led to the effective antigen expression and DC maturation in vitro, also a stronger antigen-specific immune response was obtained. The spatial/temporal overlap of the antigen and adjuvant via the core-shell nanoparticles are found to be beneficial for tumor growth inhibition. Zhou et al. (2020) designed a nanovaccine composing of a PLGA core to encapsulate TLR7 agonist imiquimod (R837), a phospholipid membrane to load antigen peptide (αOVA) and apolipoprotein E3 (ApoE3). Incorporation of ApoE3 facilitate nanovaccines uptake through the micropinocytosis pathway, and significantly promoted DCs maturation and antigen presentation. More in vivo studies showed that these nanoparticles migrated to the lymph nodes, leading to strong T cell immune responses. The nanovaccine also provided inhibition in metastasis in lung, and exerted superior therapeutic efficiency on B16-OVA tumor-bearing mice when in combination with αPD-1 therapy. Nowadays the membrane-coated technology with membranes from different types of cells offers promising opportunities for cancer immunotherapy, cell membranes employed have gradually shifted from natural to engineered (Chen et al., 2020; Liu et al., 2020). In the nanovaccine developed by Gou et al. (2021), peptide CBP-12 expressed biomimetic cancer cell membrane coating strategy was adopted to specifically target Clec9a+ DCs. The membrane coated PLGA drug-delivery system efficiently delivers tumor antigen and STING agonist (cGAMP) to Clec9a+ DCs, significantly enhanced IFN-stimulated expression of genes and antigen cross-presentation of Clec9a+ DCs, eliciting strong antitumor effects in anti-PD-1-resistant tumor models without obvious cytotoxicity. Moreover, combination of the nanovaccine with radiotherapy remarkably enhances the cancer immunotherapy effects.
TUMOR MICROENVIRONMENT MODULATION
The immunosuppressive tumor microenvironment consists of cells, soluble factors, signaling molecules, extracellular matrix, and mechanical cues (Swartz et al., 2012), it is created by the tumor and dominated by tumor-induced interactions (Whiteside, 2008). Modulating the tumor microenvironment with efficient modulator will significantly promote the immune responses inside a tumor. Using nanoparticles for remodeling the tumor microenvironment is a promising immunotherapeutic strategy to overcome “immune escape” and resulting in an effective systemic antitumor immunity.
Efficient capture and presentation of tumor antigens by APCs, especially dendritic cells (DCs), are crucial for anti-tumor immunity. However, APCs are immunosuppressed in the tumor microenvironment. Kim et al. (Kim et al., 2018a) showed that incorporating TLR 7/8 agonists into PLGA nanoparticles could significantly increase co-stimulatory molecule expression and antigen presentation in DCs compared to free agonists. In vivo studies showed that these nanoparticles migrated to the lymph nodes, triggering DC activation and expansion, leading to enhanced cytotoxic T lymphocytes (CTL) responses, and in turn, improving prophylactic and therapeutic efficacy in melanoma, bladder, and renal cell carcinoma tumor models. Later, to overcome fast clearance from the injection site, pH responsiveness is incorporated into the TLR7/8 agonist delivery platform (Kim et al., 2018b). Bicarbonate salt was adopted, the salt generates carbon dioxide at acidic pH, which can disrupt the polymer shell to rapidly release the payload. The acid-responsive formulation was characterized by higher drug encapsulation and DC activation leading to the expansion of activated natural killer (NK) cells and antigen-specific CD8+ T cells. Da Silva et al. (Da Silva et al., 2019) used PLGA nanoparticles as delivery vehicles for the co-delivery of three immune adjuvants [the TLR3 agonist Poly (I:C;pIC), TLR7/8 agonist Resiquimod (R848) and the chemokine Macrophage Inflammatory Protein-3 alpha (MIP3α)] to significantly improve the therapeutic efficacy of cancer vaccines. Co-delivery of these modulating agents using PLGA nanoparticles significantly potentiated the cancer vaccine antitumor effects. The long-term survival of mice with established large carcinoma tumors was improved to 75%–100%, and the progression free survival of the mice nearly doubled. The potent adjuvant effect was associated with lymphoid and myeloid cell population alterations in the tumor and tumor-draining lymph node. Lu et al. (2021) developed a co-delivery immunotherapeutic strategy of the phagocytosis checkpoint (signal regulatory protein α, SIRPα) silencer and stimulator of interferon genes (STING) of APCs. A small interfering RNA targeting SIRPα (siSIRPα) and a STING agonist (cGAMP) were encapsulation into PLGA-based polymeric nanoparticles using the double emulsification method. In the ovalbumin-expressing B16-F10 (OVA-B16-F10) melanoma model, NPsiSIRPa/cGAMP stimulated the activation of OVA-specific CD8+ T cells and induced holistic anti-tumor immune responses by reversing the immunosuppressive phenotype of APCs.
As effectors of innate immunity, natural killer (NK) cells represent ‘the first line’ of defense against pathogens and mediate potent antitumor cytotoxicity in vitro through secretion of cytotoxic lymphokines and disruption of the tumor vascular. Adoptive immunotherapy (AIT) with natural killer (NK) cells has emerged as a potential treatment strategy. However, their paucity in tumor infiltrates causes the low therapeutic efficacy of NK cell ATI. Park et al. (2017). demonstrate MRI-monitored transcatheter intra-arterial (IA) local delivery of IFN-γ and iron oxide nanocubes (IONC) co-encapsulated PLGA nanoparticles to induce efficient NK cells infiltration to tumor sites for the targeted treatment of liver cancer. In an orthotopic liver tumor VX2 rabbit model, the prepared nanoparticles showed a sustained IFN-γ release and highly sensitive MR T2 contrast effects, significantly increased NK-cell infiltration into the liver tumor site.
Neutrophils can exert antitumoral functions especially in early stage of tumor development. However, they have been also shown to facilitate tumorigenesis and mediate immunosuppression. Due to their innate phagocytic functions and oriented migration capabilities in response to chemoattractants, nanoparticle-loaded neutrophils were used as “Trojan horses” (Hao et al., 2020). The pre-implantation of chemokine CXCL1-laden hydrogels could trigger and induce a targeted signal to attract an influx of neutrophils carrying the therapeutic goods to the desired position, thus the effectiveness of neutrophil-mediated nanoparticles drug delivery system is improved. In vivo studies showed that the combinatorial regimen of using the paclitaxel (PTX) loaded PLGA nanoparticles with the CXCL1 chemokine laden PLGA-PEG-PLGA thermosensitive hydrogels exhibited superior tumor inhibition capability in mouse models of melanoma.
Tumor-associated macrophages (TAMs) are abundant in most human and experimental murine cancers, they are the major contributors to tumor angiogenesis, and also influence lymphocyte infiltration, leading to immunosuppression (Balkwill et al., 2012). Zhang et al. (2021) developed an M2-like macrophage-targeting nanoparticles to switch the tumor-promoting immune suppressive microenvironment by reprogramming TAMs. In these nanoparticles resiquimod (R848, a potent driver of macrophage reprogramming) loaded PLGA nanoparticles were coated with the B16-OVA cancer cell membrane. The membrane can increase the expression of CD47, which could avoid the nanoparticles being cleared by the reticuloendothelial system. The membrane was further modified with poly (ethylene glycol) (PEG) to achieve better long blood circulation and finally modified with M2pep to improve the selectivity and specificity for M2-like macrophages. The nanoparticles provide an effective and selective reprogramming strategy for macrophage-mediated cancer immunotherapy. More in vivo studies showed that the loading nanoparticles reduced tumor size, and prolonged survival compared to the control groups.
CONCLUSION
This article briefly reviewed recent studies directed to improve the efficiency of PLGA-based delivery systems in cancer immunotherapy. In Table 1, we summarized these studies. Biocompatibility, biodegradability, and feasibility of modification are the most interesting features of PLGA-based nanoparticles, which can support these materials to have a good position in the development of nanomedicines. However, the high cost of production, the difficulty of the scale-up, fast in vivo degradation of non-coated nanoparticles and the relatively low drug loading efficiency are the main limitations of PLGA-based delivery systems. Although further research and clinical studies are still needed to improve the efficacy of drug delivery, the recent studies presented in this mini review clearly illustrate the promise of PLGA-based nanoparticles for novel treatments of cancer in the future.
TABLE 1 | PLGA-based nanoparticles used as delivery systems in cancer immunotherapy.
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Design, synthesis and biological evaluation of a novel colchicine-magnolol hybrid for inhibiting the growth of Lewis lung carcinoma in Vitro and in Vivo
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Colchicine is a bioactive alkaloid originally from Colchicum autumnale and possesses excellent antiproliferative activity. However, colchicine-associated severe toxicity, gastrointestinal side effects in particular, limits its further therapeutic use. In the current study, we thus designed and synthesized a novel hybrid (CMH) by splicing colchicine and magnolol, a multifunctional polyphenol showing favorable gastrointestinal protection. The antitumor activity of CMH in Lewis lung carcinoma (LLC) was then evaluated in vitro and in vivo. Biologically, CMH inhibited the growth of LLC cells with an IC50 of 0.26 μM, 100 times more potently than cisplatin (26.05 μM) did. Meanwhile, the cytotoxicity of CMH was 10-fold lower than that of colchicine in normal human lung cells (BEAS-2B). In C57BL/6 mice xenograft model, CMH (0.5 mg/kg) worked as efficacious as colchicine (0.5 mg/kg) to inhibit tumor growth and 2 times more potently than cisplatin (1 mg/kg). In terms of mortality, 7 out of 10 mice died in colchicine group (0.75 mg/kg), while no death was observed in groups receiving CMH or cisplatin at 0.75 mg/kg. Mechanistic studies using Western blot revealed that CMH dose-dependently suppressed the protein expression of phosphorylated ERK. Molecular docking analysis further indicated that CMH was well fitted in the colchicine binding site of tubulin and formed several hydrogen bonds with tubulin protein. These results enable our novel hybrid CMH as a potential antineoplastic agent with lower toxicity, and provide perquisites for further investigation to confirm the therapeutic potentiality of this novel hybrid.
Keywords: colchicine-magnolol hybrid, lewis lung carcinoma cells, extracellular signal-regulated kinase, colchicine binding site, tumor growth inhibition
1 INTRODUCTION
Lung cancer represents a kind of very common malignant tumor that seriously threatens human life with a persistently high morbidity and mortality rate (Sun and Yan, 2020). Among them, non-small cell lung cancer accounts for the vast majority proportion. Although there are multiple avenues of therapeutic interventions in recent decades, including surgery, chemotherapy and radiation, alone or in combination, the compromised or even destroyed immune system of patients could be often observed in clinical practice (Zhou et al., 2022). Therefore, there is an urgent need to develop an alternative anti-cancer drug or therapy with increased efficacy and reduced toxicity.
Colchicine 1) is a bioactive alkaloid originally isolated from Colchicum autumnale and has long been used as a treatment for gout (Deng et al., 2021). Besides, there is extensive evidence that colchicine has displayed excellent antiproliferative potential in a variety of cancer cell lines against colon, breast, skin melanoma, liver and pancreas (Malik et al., 2022; Song et al., 2022; Wang et al., 2022), and thereby entered into different stages of clinical trials as an anti-cancer agent. Mechanistic studies have revealed that colchicine arrests cell division and kills tumor cells by favorably binding to the colchicine binding site of tubulin and interfering with microtubule formation (Dubey et al., 2017). However, colchicine treatment is always accompanied by serious gastrointestinal side effects (Papageorgiou et al., 2017), including vomiting, diarrhea and abdominal pain nausea, which limits its further clinical application or even causes treatment discontinuation in patients.
Magnolol 2) is a polyphenolic compound from Magnolia officinalis and possesses various pharmacological activities including antioxidation, anti-inflammation and antiangiogenesis (Peng et al., 2022; Xie et al., 2022). Most notably, magnolol has shown favorable gastrointestinal protection in a wide range of experimental paradigms associated with acute gastrointestinal injury and diarrhea (Xia et al., 2019; Lin et al., 2021; Mao et al., 2021).
Since that colchicine exhibits strong antiproliferative ability and magnolol is able to protect against gastrointestinal injury, a common side effect with colchicine treatment, we assume that the drug combination of colchicine and magnolol may provide additive antitumor potential with lower toxicity. Recently, we completed a concise asymmetric synthesis of (–)-colchicine (Pu et al., 2022a) and developed a series of new C-10-modified colchicinoid and evaluated their inhibitory activity on key proteases of 2019-nCoV replication and acute lung injury (Pu et al., 2022b).
While, in order to find new antitumor colchicine analogues with improved activity and lower toxicity, we expect to create a novel C-7-modified colchicinoid with single structure by splicing colchicine and magnolol (Figure 1). In this current study, we thus developed a novel colchicine-magnolol hybrid (CMH) and further evaluated its anti-proliferative potential in vitro and in vivo as well as the molecular mechanisms involved.
[image: Figure 1]FIGURE 1 | The design of the colchicine-magnolol hybrid (CMH).
2 RESULTS AND DISCUSSIONS
2.1 Efficient synthesis of novel synthesized a novel hybrid
Small molecules that hit colchicine binding site could exert their efficient biological effects by inhibiting tubulin assembly and suppressing microtubule formation (Lu et al., 2012), numerous modifications of the colchicine chemical structure have been thus made to develop new anti-cancer candidate drug molecules (Gracheva et al., 2020). However, there were few reports about the hybridization of colchicine with other bioactive natural molecules. In this current study, we designed a new type of C-7-modified colchicinoid which was a hybrid of colchicine and magnolol with simple amino acid as the linker.
As shown in Scheme 1, the synthesis of CMH was commenced with the SN2 reaction of magnolol with ethyl bromoacetate, and compound 3 was isolated in 78% yield. The ester was hydrolyzed with NaOH to generate the acid 4 which was used directly without further purification. In addition, a three-step sequence was employed to remove the -Ac group at C(7) of colchicine (Lagnoux et al., 2005; Yasobu et al., 2011). Furthermore, the amino group was then acylated with compound 4 to give the novel hybrid CMH.
[image: Scheme 1]SCHEME 1 | The synthetic route of novel hybrid CMH.
2.2 CMH inhibited the proliferation of Lewis Lung Carcinoma cells 100 times more potently than cisplatin did
We then evaluated the antitumor activity of colchicine, CMH and cisplatin (positive control) in Lewis lung carcinoma (LLC) cells. As shown in Figure 2, the cell viability of LLC cells was greatly reduced after 24 h treatment with three compounds. Specifically, the half-maximal inhibitory concentration (IC50) of colchicine, CMH and cisplatin against LLC cells was 0.06, 0.26 and 26.05 μM, respectively. It was evident that our novel hybrid CMH inhibited proliferation of LLC cells 100 times more potently than cisplatin did. In consistent with the cell viability results, images from confocal microscopy showed that compared to the control group, a lower density and rounder shape were observed in LLC cells incubated with different concentrations of CMH (Figure 3). Moreover, CMH remarkably decreased the number of FDA-stained viable cells (Figure 3). These results indicated that the proliferation of LLC cells was inhibited to a larger extent by CMH treatment.
[image: Figure 2]FIGURE 2 | CMH inhibited the proliferation of LLC cells 100 times more potently than cisplatin did. LLC cells were incubated with colchicine, CMH, or cispatin (positive control) for 24 h, and then measured for cell viability.
[image: Figure 3]FIGURE 3 | CMH markedly decreased the number of FDA-stained viable cells in a dose-dependent manner. LLC cells were incubated with CMH (0.25 μM, 0.5μM, 1 μM) for 24 h, and then stained with FDA for 5 min, and observed under a confocal laser scanning microscopy.
2.3 CMH caused lower toxicity to BEAS-2B cells compared to colchicine
Next, we further used normal lung epithelial BEAS-2B cells to evaluate the toxicity of CMH and its parent molecule colchicine. As shown in Figure 4, CMH did not show any toxicity until its concentration reached 1 μM. Specifically, 24 h exposure of BEAS-2B cells to CMH at 1 μM decreased cell viability from (100.00 ± 1.48) % to (72.59 ± 3.17) %. In comparison, colchicine began to induce toxicity at the concentration of 0.1 μM, colchicine at 0.1 μM decreased cell viability to (73.27 ± 3.89) %. These results indicated the cytotoxicity of CMH might be 10-fold lower than that of colchicine in normal human lung cells.
[image: Figure 4]FIGURE 4 | CMH induced lower toxicity in normal BEAS-2B cells compared to its parent molecule colchicine. BEAS-2B cells were incubated with dimethyl sulfoxide (Control), equal concentrations of CMH or colchicine for 24 h, and then examined for cell viability. ##, p < 0.01, colchicine group versus Control; **, CMH group p < 0.01 versus Control.
2.4 CMH at high concentration inhibited the activity of GSK3β
Glycogen synthase kinase-3β (GSK3β) is a serine-threonine kinase that is responsible for promoting cancer cell survival, growth and proliferation (Domoto et al., 2020). It has been well documented that aberrant GSK3β activity is firmly associated with multiple tumor-related diseases and that GSK3β is generally accepted as a potential anti-tumor target (Bai et al., 2022; Fan et al., 2022; You et al., 2022). In light of this, we extended our effort to test the possibility that CMH may provide antiproliferative capacity through the direct inhibition of GSK3β enzyme activity. As shown in Figure 5, CMH at 100 μM decreased enzyme activity to approximately 40% of control, while failed to inhibit GSK3β at concentrations below 100 μM (data not shown). Since CMH showed toxicity in normal lung epithelial BEAS-2B cells when its concentration exceeded 1 μM, we speculate that GSK3β may not be the critical mechanism underlying CMH-mediated antitumor efficacy and some other potential targets are expected to be explored.
[image: Figure 5]FIGURE 5 | CMH at high concentration inhibited GSK3β activity. 1 ng GSK3β, 0.2 μg/μl substrate, 25 μM ATP and CMH (final concentration, 100 μM) or staurosporine (0.1 μM, positive control) were incubated in each well of 384-well plate for 60 min. ADP-Glo™ and kinase detection reagent was introduced successively into the well and luminescence was read. **, p < 0.01 versus Control.
2.5 CMH downregulated the protein expression of phospho-ERK in LLC cells
There is extensive evidence that the phosphorylation of mitogen-activated protein kinases (MAPKs), extracellular signal-regulated kinase (ERK) subtype in particular, is closely associated with the growth and proliferation of tumor cells in cellular and animal experimental paradigms (Yang et al., 2022; Yu et al., 2022). Specifically, the increase of phospho-ERK level was usually observed in cancer cell lines such as LLC cells, particularly those treated with pro-tumorogenic compounds (Stoyanov et al., 2012), bio-molecules that could down-regulate ERK phosphorylation may thereby offer effective anti-tumor efficacy (Shi et al., 2022; Yuan et al., 2022).
In our cell system, the protein level of phospho-ERK (p-ERK) was evaluated using Western blot and the results in Figure 6 showed that CMH at 0.25 μM and 1 μM declined this phosphorylated protein to (0.61 ± 0.11) and (0.57 ± 0.13), respectively, compared to the control group (1.00 ± 0.20). This phenomenon was consistent with earlier findings where this phosphorylated protein level in LLC cells greatly declined in the presence of anti-tumorogenic chemicals (Kim et al., 2007; Xie et al., 2018) and indicated that the inhibition of p-ERK may be a critical mechanism that underlied the anti-tumor effects of CMH.
[image: Figure 6]FIGURE 6 | CMH strongly down-regulated the protein expression of phospho-ERK in LLC cells. LLC cells were incubated with CMH (0.25 μM, 1 μM) for 24 h, and then measured for protein expression. **, p < 0.01 versus Control. (A) Representative bands of p-ERK, t-ERK and GAPDH. (B) The statistical analysis. 
2.6 CMH was well fitted in the colchicine binding site of tubulin and formed several hydrogen bonds with tubulin
Microtubules, which maintain the shape of the cell through the dynamic assembly of tubulin heterodimers, are generally accepted as an attractive target for the development of anti-cancer drugs (Andres et al., 2022). Specifically, colchicine binding site agents bind to colchicine binding domain and prevent the polymerization of tubulin proteins, thereby destabilize microtubules and provide antitumor potential (Wang et al., 2016; Sueth-Santiago et al., 2017). We then tested the possibility that our novel hybrid CMH could occupy colchicine binding site. Results from docking studies of compounds with tubulin protein (PDB entry: 1SA0) showed that both colchicine and CMH were well fitted in the colchicine binding site of tubulin. Specifically, colchicine molecule formed a hydrogen bond to Asn258 of tubulin protein with an estimated binding free energy of -5.93 kcal/mol, an observation consistent with an earlier study (colchicine docking score: −5.5 kcal/mol) (Dwivedi et al., 2022). In contrast, the best-docked conformation of CMH in the tubulin showed that the methoxy and the phenolic hydroxyl group of this ligand from the colchicine fragment and B fragment interacted with Asn258 and Thr353 through several hydrogen bonds with an estimated binding free energy of -8.04 kcal/mol (Figure 7). These results suggested that our novel CMH could be served as an effective colchicine binding site inhibitor.
[image: Figure 7]FIGURE 7 | CMH interacted with tubulin at the colchicine binding site. The interaction between colchicine (A) or CMH (B) with tubulin. CMH was well fitted in the colchicine binding site of tubulin with binding energies of -8.04 kcal/mol, in comparison to the colchicine ligand (-5.93 kcal/mol).
In this docking system, CMH showed better docking score than the standard inhibitor colchicine, on the other hand, CMH (IC50 = 0.26 μM) displayed anti-proliferative potential 4 times less potently than colchicine (IC50 = 0.06 μM, Figure 2). This discrepancy could be explained by the existence of some other possible targets, such as taxane, vinca, laulimalide binding domains of tubulin, that CMH or colchicine may hit. Such interesting topics will be further investigated in our future projects.
2.7 CMH exhibited robust suppression of tumor growth in C57BL/6 mice xenografted with LLC cells
Finally, the antitumor ability of CMH was verified in C57BL/6 mice xenograft model. As shown in Figure 8, CMH exhibited promising antitumor efficacy, with a tumor growth inhibition (TGI) of 79.37% and 85.44% at the dosages of 0.5 mg/kg and 0.75 mg/kg, respectively. No mortality was observed in the group treated with CMH. For a reference, cisplatin (positive control) at 1.0 mg/kg inhibited tumor growth by 79.22% and colchicine at 0.5 mg/kg inhibited tumor growth by 78.81%. However, colchicine treatment was accompanied with a high risk of mortality. It was obvious that 7 out of 10 mice (colchicine group, 0.75 mg/kg) and one out of 9 mice (colchicine group, 0.5 mg/kg) were dead during 10 days of drug treatment (Table 1). These findings taken together suggested that CMH inhibited tumor growth 2 times more potently than cisplatin, and that CMH displayed antitumor capacity with a lower mortality and an efficacy comparable or even superior to colchicine.
[image: Figure 8]FIGURE 8 | Effects of colchicine (Col, 0.5 mg/kg), CMH- (0.5 and 0.75 mg/kg) and cisplatin (1.0 mg/kg) on the tumor volume and weight in the xenografted mice during the entire experimental period. (A) Representative macroscopic view of LLC tumors in different groups. (B) Quantitative analysis of tumor volume. (C) Quantitative analysis of tumor weight. ***p < 0.001 versus control group.
TABLE 1 | Inhibitory effects of compounds on tumor weights and tumor volume in the C57BL/6 mice xenografted LLC cells.
[image: Table 1]3 CONCLUSION
In conclusion, we herein designed and synthesized a novel hybrid CMH by splicing colchicine and magnolol. CMH exhibited excellent antiproliferative effects in LLC cells (IC50 = 0.26 μM) and robustly suppressed tumor growth in C57BL/6 mice xenograft model. Meanwhile, CMH showed lower toxicity in normal human lung BEAS-2B cells and in mice when compared to its parent molecule colchicine. Mechanistic studies revealed that CMH provided its antitumor potential mainly through suppressing ERK signaling pathway and occupying colchicine binding site of tubulin concurrently. These results identify our novel hybrid CMH as a potential antineoplastic agent with lower toxicity, and provide perquisites for further investigation to confirm the therapeutic potentiality of this novel hybrid.
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Cancer has been one of the leading factors of death around the world. Cancer patients usually have low 5-year survival rates and poor life quality requiring substantial improvement. In clinic, the presenting diagnostic strategies lack sensitivity with only a small proportion of patients can be accurately identified. For diagnosed patients, most of them are at the advanced stages thus being delayed to receive treatment. Therefore, it is eager to investigate and develop highly effective and accurate techniques for cancer early diagnosis and individualized therapy. Various nanoplatforms are emerging as imaging agents and drug carriers for cancer theranostics recently. Novel polymeric nanoagents, as a potent exemplar, have extraordinary merits, such as good stability, high biosafety and high drug loading efficacy, showing the great prospect for cancer early diagnosis and precise treatment. Herein, we review the recent advances in novel polymeric nanoagents and elucidate their synthesis procedures. We further introduce the applications of novel polymeric nanoagents in cancer diagnosis, treatment, and theranostics, as well as associated challenges and prospects in this field.
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1 INTRODUCTION
Cancer has been threatening human life and healthy, as a predominant driver to cause high morbidity and mortality worldwide (de Oliveira et al., 2020; Temkin et al., 2022). In the past few decades, substantial efforts have been devoted in cancer research, but the diagnosis and prognosis have not been improved much (de Oliveira et al., 2020). The main challenge behind is to identify the cancer patients in their early stage, so as to start personalized treatment in time.
Most cancer patients are diagnosed at the advanced stages because of lacking typical clinical symptoms. Conventional methods for cancer diagnosis mainly contain biopsy, magnetic resonance imaging (MRI), computed tomography (CT), positron emission tomography (PET), single photon emission computed tomography (SPECT) and ultrasound (US) (Solnik et al., 2022). Biopsy is still the gold standard, PET has a low resolution, and MRI causes a high false positive signal (Jin et al., 2021; Kowalchuk et al., 2021). Traditional cancer therapies, chemotherapy, radiotherapy, immunotherapy, and surgery face great challenges, such as low permeability, defective specificity, severe systemic side effects, and drug resistance (Liu et al., 2022a; Yazbeck et al., 2022). Therefore, it is imperative to investigate more effective therapeutic strategies for fighting against cancer.
Nanoagents have attracted great attention due to the easy-modified hydrophobic segments and rich functional groups, which are designed with the assistance of nanotechnologies and nanoparticles (NPs) (Huang et al., 2017). NPs dominantly comprise metal and metal oxide-based NPs, liposomes, dendrimers, magnetic NPs, quantum dots, and polymeric NPs (Selmani et al., 2022). Especially, Polymeric nanoagents, as polymeric NPs-assembled nanoagents, have made great progress for cancer diagnosis and treatment (Wang et al., 2020b; Yuan et al., 2021). Because of the high surface to volume ratio and the nanoscale size of NPs, polymeric nanoagents are capable of navigating through microvasculatures and across various biological barriers (Yuan et al., 2021). Hence, polymeric nanoagents can rapidly accumulate in cancer cells with the enhanced permeability and retention (EPR) effect as well as regulating the systemic biodistribution of therapeutic medicines (Wang et al., 2020b; Yuan et al., 2021).
Since the easy-modified hydrophobic segments and functional groups of nanoagents, lots of innovative polymeric nanoagents are developed by simultaneously conjugating with imaging agents and therapeutic molecules, such as fluorescent dyes, photosensitisers, aptamers, peptides, antibodies, chemotherapeutic drugs, or other biological molecules (Wang et al., 2020b; Haider et al., 2020; Yuan et al., 2021). Most importantly, growing preclinical trials have proved the increased biosafety, high selectivity, reduced systemic side effects, better solubility and stability of novel polymeric nanoagents (Li et al., 2022). These features have allowed polymeric nanoagents to perform specific imaging and precise therapy of cancer tissues, further developing into personalized polymeric theranostic nanoplatforms. Compared to conventional imaging methods, novel polymeric nanoagents-based imaging has a high temporospatial resolution, and numerous polymeric nanoagents have been developed for the early detection of cancer, such as indocyanine green (ICG) (Lv et al., 2022), lanthanide ion neodymium (Nd) (Deng et al., 2022), and chlorin e6 (Ce6)-based nanoagents (Odda et al., 2020). Recently, emerging methods for cancer treatment include novel polymeric nanoagents-based chemotherapy, gene therapy, photothermal therapy (PTT), and photodynamic therapy (PDT). PTT triggers irreversible pyroptosis, apoptosis, and necrosis of cancer cells via converting near-infrared (NIR) light into heat and further triggering hyperthermia (Yu et al., 2022). PDT stimulates cancer cells death through absorbing light and producing reactive oxygen species (ROS), especially singlet oxygen (Wang et al., 2022c). These polymeric nanoagents-based theranostic approaches are characterized with non-invasiveness, increased specificity, and low off-target toxicity (Wang et al., 2020a). Hence, this review would introduce the design of novel polymeric nanoagents, and their promising applications for the early diagnosis, treatment, and combined theranostics of cancer. Also, the unsolved problems of novel polymeric nanoagents in the field of oncology would be discussed.
2 THE DESIGN AND STRUCTURE OF NOVEL POLYMERIC NANOAGENTS
Polymeric NPs lay a solid foundation for the development of novel polymeric nanoagents. Polymeric NPs originate from natural polymers and synthetic polymers in a core-shell structure, with hydrophilic blocks forming the shell and hydrophobic blocks forming the core of the NPs (Crucho and Barros, 2017). Generally, the synthesis of polymeric NPs is prepared by the two groups of methods, including preformed polymers and monomers polymerization-based encapsulating polymers (Crucho and Barros, 2017). Since the limitations of polymerization techniques, preformed polymers are more extensively utilized, where organic solvents are applied for dissolving the polymer in the first step (Zielinska et al., 2020). The preparation methods are composed of two-step and one-step procedures. Two-step procedures involving emulsification preparation and nanoparticles formation, mainly include emulsification-solvent evaporation, emulsification-solvent diffusion, and emulsification–reverse salting-out. One-step procedures consist of nanoprecipitation, dialysis, and supercritical fluid technology without emulsification to form nanoparticles (Crucho and Barros, 2017; Zielinska et al., 2020). In solvent evaporation method, the oil-in-water (o/w) emulsion is required for producing nanospheres. Emulsification diffusion requires the formation of an o/w emulsion that consists of a partially hydro-miscible organic solvent in the internal phase. The salting-out method separates a hydro-miscible solvent from an aqueous solution, and salting-out effect may facilitate the formations of nanospheres. Nanoprecipitation is considered as solvent displacement, depending on the interfacial deposition of a polymer after the organic solvent displacing from a lipophilic solution to the aqueous phase. During the synthesis of polymeric NPs, multiple impurities can exist in NPs suspension or adsorb into the surface of NPs, including organic solvents, salts, and particle residues. These toxic impurities must be removed with filtration, centrifugation, and dialysis techniques (Drozdz et al., 2020). Taken together, it is essential for choosing the preferable preparation method based on the drug’s characteristics and the desired properties of polymeric NPs.
According to the morphology of polymeric NPs, they are classified into nanocapsules and nanospheres. Polymeric nanosphere is an insoluble solid-colloidal particle in which drugs are dissolved, entrapped, encapsulated, chemically bound or adsorbed to the constituent polymer matrix. Polymeric nanocapsule is a colloidal vesicle where drugs are confined to an oily reservoir or within an aqueous cavity surrounded by the polymer membrane (Crucho and Barros, 2017) (Naseef, P.P et al., 2021) (Figure 1). The special core-shell structure allows the selective delivery of drugs or fluorescent molecules to cancer tissues. Then, the release of drugs is achieved by modulating the rates of polymer biodegradation and drugs diffusion in the polymer matrix as well as induced by exogenous and endogenous stimuli in the specific disease microenvironments (Kamaly et al., 2016; Singh et al., 2021). Ultimately, the polymer matrix is degraded into non-hazardous molecules and excreted from the body.
[image: Figure 1]FIGURE 1 | The structure of two types of polymer nanoparticles. Polymer NPs are classified into nanocapsules and nanospheres. Polymeric nanosphere is a matrix type, insoluble solid-colloidal particle in which drugs are distributed throughout the chemical compound matrix. Polymeric nanocapsule is a colloidal-vesicular system where the drug is confined to a cavity surrounded by a distinctive compound membrane.
Polymeric NPs-based nanoagents are characterized by effective drug-polymer interactions and can inhibit the premature release of drugs (Villamizar-Sarmiento et al., 2021). Moreover, they exhibit non-toxicity, good water-solubility, extensive biocompatibility, and easy modification (Crucho and Barros, 2017; Villamizar-Sarmiento et al., 2021). In virtue of these unique features, novel polymeric nanoagents have served as prospective candidates for cancer precise diagnosis and therapy via guiding MRI, SPECT/CT, NIR, X-ray imaging, photodynamic diagnosis (PDD), PTT, and PDT after conjugating with imaging agents and therapeutic drugs (Figure 2).
[image: Figure 2]FIGURE 2 | The function of polymeric nanoagents in cancer diagnosis and treatment. Polymeric NPs-based nanoagents would be widely used to guide SPECT/CT, MRI, NIR, PDD, and X-ray imaging through integrating with imaging agents. Also, these novel polymeric nanoagents can guide chemotherapy, siRNA therapy, PTT and PDT through integrating with chemotherapeutic drugs, siRNA, and imaging agents. NPs, nanoparticles; PDD, photodynamic diagnosis; NIR, near-infrared; PTT, photothermal therapy; PDT, photodynamic therapy; NPs, nanoparticles; ROS, reactive oxygen species; MRI, magnetic resonance imaging; CT, computed tomography; SPECT, single photon emission computed tomography.
3 THE APPLICATIONS OF NOVEL POLYMERIC NANOAGENTS IN CANCER DIAGNOSIS
In clinic, a number of cancer patients suffer from metastasis and advanced cancer stages due to the delayed diagnosis. Increasing evidence has shown that the early detection of cancer can significantly decrease mortality rate and improve therapeutic efficacy (Ribeiro et al., 2022; Zhu et al., 2022). However, conventional imaging techniques and biomarkers detection are not sufficient for the early diagnosis. Fortunately, polymeric nanoagents-based accurate bioimaging can detect small tumors at the early stage as well as reveal the biological processes involved in early carcinogenesis after conjugating with non-invasive optical imaging agents (Casas, 2020). Herein, novel polymeric nanoagents would be extensively utilized for cancer diagnosis due to their high sensitivity, non-invasiveness and good biocompatibility, and they will greatly advance the field of oncology (Shanavas et al., 2017; Tiwari et al., 2017) (Table 1).
TABLE 1 | The applications of novel polymeric nanoagents in cancer diagnosis.
[image: Table 1]Chitosan is a biocompatible, biodegradable, and minimized invasive polymer, and it has the widespread application for cells optical imaging. It is demonstrated that most epithelial cancer cells highly express folate receptor, and folate-chitosan (fol-cht)-based polymeric nanoagents can be applied for SPECT/CT imaging to detect folate receptor-overexpressed cancer tissues after radiolabeling with technetium-99m (Polyak et al., 2014). In addition, a study synthesizes hybrid nanoagents with a magnetic poly (lactide-co-glycolide) (PLGA) core and a fol-cht-based shell, and the shell surface’s hydroxyl (-OH) and amine (-NH2) functional groups can be easily modified through complicated chemical reactions. The biocompatible hybrid nanoagents provide super paramagnetic iron oxide NPs (SPIONs) delivery for targeting to folate receptor-overexpressed oral cancer cells, further bettering MRI contrast with the shortened T2 relaxation time and enhanced nanoparticle relaxivity (Shanavas et al., 2017). Taken together, chitosan shell-based polymeric nanoagents have showed a prospective potential for the early diagnosis of various cancers with better imaging contrast.
5-aminolaevulinic acid (5-ALA) is a hydrophilic and zwitterionic imaging drug as well as a precursor of heme and chlorophyll (Harada et al., 2022). Exogenous administration of 5-ALA ultimately metabolizes into protoporphyrin IX (PpIX), and accumulated PpIX in cancer cells generates PpIX fluorescence, further performing 5-ALA-based PDD (Beika et al., 2021; Harada et al., 2022). Nevertheless, 5-ALA shows a poor affinity toward the cell membrane, and cancer cells are difficult to take up 5-ALA (Yang et al., 2013). Considering the folic acid receptor-mediated endocytosis promoting the uptake of 5-ALA, 5-ALA is conjugated with succinate-modified chitosan (SCHI) and fol-cht-based polymer NPs (Casas, 2020). Once taken up by cancer cells, 5-ALA releases from lysosome due to the wakened attraction intensity between chitosan and 5-ALA, which strengthens the accumulation of PpIX fluorescence and facilitates the PDD of cancer cells (Yang et al., 2013). Numerous research have indicated the great prospect of the folic acid-based polymeric nanoagents for diagnosing cancer by delivering 5-ALA, such as oral cancer (Yang et al., 2013), cervical intraepithelial neoplasia (CIN) (Xu et al., 2021), prostate cancer (Casas, 2020) and glioblastoma (Babic et al., 2018).
Semiconducting polymer nanoparticles (SPNs) are also identified as excellent optical agents and applied for fluorescence, chemiluminescent, and photoacoustic (PA) imaging for the early detection of cancer due to the excellent biocompatibility and structural versatility (Cui et al., 2020; Tang et al., 2022). Poly (p-phenylenevinylene) (PPV)-based SPNs could emit afterglow luminescence after removing light excitation. Hence, the tetraphenylporphyrin (TPP) photosensitizer-copolymerized PPVs SPNs are synthesized to function as near-infrared (NIR) afterglow nanoagents. The novel copolymer nanoagents produce red-shifted NIR luminescence and amplified afterglow signals, allowing the in vivo tiny cancer imaging via sensing low oxygen in the cancer microenvironment (Cui et al., 2018). In general, cancer-associated fibroblasts are recognized as the key barriers for cancer therapy. Thereby, activated fibroblasts (AF)-camouflaged SPNs (AF-SPNs) are emerged as effective biomimetic nanoagents for optimizing cancer phototheranostics, where a SPN and AF membrane serve as the core and shell, respectively (Li et al., 2018). The AF-SPNs would generate stronger PA signal and dramatically strengthen photodiagnostic efficacy (Li et al., 2018). As well, RBC membrane-coated SPNs have the enhanced NIR light absorption and photostability for PA imaging (Zheng et al., 2020), which can deeply penetrate into cancer tissues and be rapidly cleared due to the small size. Both RBC and AF membrane-modified polymeric nanoagents provide the remarkable PA imaging contrasts for diagnosing cancer tissues (Li et al., 2018; Zheng et al., 2020).
In clinic, ICG is a usually used NIR fluorescence contrast agent. But the poor optical stability and clearance efficacy of ICG limit its applications. To overcome these demerits, ICG is encapsulated into hyaluronic acid (HA) for NIR imaging, HA is a natural and biodegradable polysaccharide polymer (Souchek et al., 2018). The ICG-lorded HA nanoagents have showed the prominent value in detecting prostate cancer and CD44-positive cervical cancer (Souchek et al., 2018). Bovine serum salbumin (BSA) is another common natural polymer, and BSA-coated ICG nanoagents exhibit non-toxicity, good water-solubility and strong NIR-I fluorescence emission for cancer imaging, such as cervical cancer (Ma et al., 2021) and neuroblastoma (Clutter et al., 2022). Besides natural polymers, a study encapsulates ICG with synthetic poly (styrene-co-maleic anhydride) (PSMA) to construct ICG@PSMA nanoagents. Poly PSMA is an amphiphilic polymer that can encapsulate ICG to improve its chemical stability and biocompatibility. Further, ICG@PSMA nanoagents exhibit strong NIR fluorescence as well as reduced systemic toxicity for cervical cancer cells (Chen et al., 2021). Also, ICG can be encapsulated into other synthetic polymers to perform NIR imaging, including PLGA (Choi et al., 2021), polyethylene glycol (PEG) (Wang et al., 2022b), polymeric nanomicelles (PNMs) (Hsu et al., 2020), poly (allylamine hydrochloride) (PAH) (Bahmani et al., 2014), poly caprolactone (PCL) (Chien et al., 2018; Gorecka et al., 2022).
4 THE ROLE OF NOVEL POLYMERIC NANOAGENTS IN CANCER TREATMENT
The progression of cancer is a relatively complex process, involving in cellular and genetic alterations. Although, advancements in cancer therapy have improved the survival rates and reduced the deaths, there are undesirable side effects. In recent, polymeric nanoagents-guided chemotherapy, nucleic acid therapy, PDT and PTT, emerge as remarkable approaches for achieving cancer treatment (Wang et al., 2022c; Yu et al., 2022) (Table 2). These advanced strategies selectively target into cancer tissues with minimal invasion into healthy tissues as well as prominently enhance the therapeutic efficacy (Liu et al., 2022b; Macchi et al., 2022).
TABLE 2 | The role of novel polymeric nanoagents in cancer treatment.
[image: Table 2]It is worth noting that premature drug leakage, low drug delivery efficiency and defective cellular uptake are considerable barriers for cancer chemotherapy, and assembling chemotherapeutic drugs with polymer NPs might solve these problems. Herein, the tumor microenvironment (TME)-responsive biocompatible nanoagents are constructed using amorphous calcium carbonate (ACC) cores and silk fibroin (SF) shells. Upon entering into TME, SF shells concurrently inhibit premature drug release and target to the acidic lysosomes. And the sensitive ACC NPs are gradually degraded, further producing a majority of Ca and CO and resulting in lysosomal collapse. Doxycycline (DOX) is a widely used anti-cancer drug. ACC-SF NPs-conjugated DOX nanoagents block the premature efflux of DOX from cancer cells and prevent the protonation of DOX within the lysosome, displaying the excellent therapeutic performance (Tan et al., 2019). Salidroside (Sal) is a potent anti-cancer drug with high water-solubility. The clinic application of Sal in cancer therapy has been restricted by poor oral absorption and low cancer cells uptake. To overcome this impediment, Sal is lorded with lipid-shell and PLGA-PEG-PLGA triblock polymer-core NPs (Sal-LPNPs) by a double emulsification method (Fang et al., 2014). Sal-LPNPs nanoagents have a distinct inhibitive effect on the growth of human pancreatic cancer cells, but its clinical use needs more profound exploration. Paclitaxel (PTX) is an effective anti-cancer drug for various solid cancers, but it has low solubility, poor bioavailability, and inevitable toxicity. Encapsulation of PTX in polymeric micelles can boost its water-solubility and bioavailability, which has the promising applications in breast cancer therapy (Wang et al., 2017). Docetaxel (DTX) is a taxane-based anti-cancer drug with low water-solubility and oral bioavailability. Encapsulating DTX with PLGA, liposomes and PEGylated triacontanol polymer systems can dramatically enhance the DTX delivery efficacy and cancer cells-killing effects, like pancreatic cancer (Almawash et al., 2018), breast cancer (Lu et al., 2020), and prostate cancer (Xiao et al., 2022). In addtion, glycol chitosan (GC)-based polymeric nanoagents have been widely used for delivering chemotherapeutic drugs via hydrophobic interactions, such as paclitaxel (Hao et al., 2019), cisplatin (Wang et al., 2021), camptothecin (CPT) (Dutta et al., 2021), or DTX (Ren et al., 2021), resulting in maximized therapeutic efficacies.
Besides chemotherapy, PDT-produced ROS and PTT-generated heating specifically trigger phototoxic death of cancer cells with the assistance of optical nanoagents (Liu et al., 2022b; Macchi et al., 2022). Fullerene (C60) possess remarkable photophysical properties, thereby it can be used as a potentially strong photoactivatable agent for PDT via triggering ROS production (Gunduz et al., 2022). In detail, C60 is conjugated with GC to form GC-C60 or GC-2,3-dimethylmaleic acid (DMA)-C60, the solubilized C60 nanoagents produce tremendous fluorescence signals, further accumulating in various cancer tissues to guide PDT (Kim et al., 2014). Also, ICG@PSMA shows good PTT efficiency in cervical cancer cells under 808 nm laser irradiation. Therefore, ICG@PSMA nanoagents might serve as photothermal nanoagents (PTN) for other different types of cancer treatment, providing a solid basis for following in vivo experiments (Chen et al., 2021). Additionally, GC-based polymeric nanoagents are preferable carriers for PTT and PDT (Rhee et al., 2014).
SPNs is stand out as superb optical agents for PDT and PTT, and cell membrane-coated SPNs have indicated superior therapeutic effects (Tang et al., 2022). For instance, the AF-SPNs nanoagents generate not only NIR fluorescence and PA signals for imaging but also single oxygen and heat for strengthening photodynamic and photothermal therapeutic efficacies via promoting NPs accumulation in cancer cells (Li et al., 2018). As well, RBC membrane-coated SPNs have excellent photothermal conversion efficiency for PTT. These data demonstrate that RBC membrane-coated SPNs exert dramatic photothermal killing efficacy against cancer cells, which would become a promising phototheranostic agent for clinical translation (Zheng et al., 2020).
In particular, recent studies have proved that the combined treatment of chemotherapy, PTT and PDT has the stronger therapeutic effects. For instance, ICG is conjugated with organic compound (C3) and polyethylene glycol-polycaprolactone (PEG-PCL) to construct hybrid nanoagents (PEG-PCL-C3-ICG) for combined PTT and PDT treatment. In vitro and in vivo experiments of oral squamous cell carcinoma (OSCC) cells show that PEG-PCL-C3-ICG nanoagents have better performance than PTT or PDT separately, together with better photothermal conversion stability, lower cytotoxicity, and faster metabolic rate (Ren et al., 2017). In line with these, human serum albumin indocyanine green-cisplatin nanoagents (HSA-ICG-DDP) are designed to combine PDT, PTT with chemotherapy. In vitro and in vivo experiments have demonstrated that the synergistic anti-cancer effects of PDT, PTT and chemotherapy are remarkably heightened compared to ICG, HSA-ICG and DDP treatments, showing the favorable value of polymeric nanoagents in combination therapy (Wang et al., 2019b).
Small interfering RNA (siRNA), as one of nucleic acid therapy, is an effective therapeutic agent due to its specific gene silencing ability. However, the application of siRNA is hindered due to its susceptibility to nuclease degradation and low internalization by cancer cells. To develop novel delivery systems of siRNA, GC-PEI NPs are assembled by combining GC-5β-cholanic acid and polyethylenimine (PEI) polymers-5β-cholanic acid at a 1:1 weight ratio, then mixing RFP-siRNA and GC-PEI NPs at a 1:5 weight ratio (Huh et al., 2010). The generated GC-PEI NPs can effectively deliver siRNA to the cell cytoplasm and exert remarkable silencing effects, which are verified in RFP-expressing B16F10 cells (Huh et al., 2010). Besides, the thiolated GC (tGC)-polymerized siRNA is developed to enhance the stability of the siRNA (Kim et al., 2017). In vivo fluorescence imaging results reveal that VEGF-siRNA-tGC nanoagents have the increased serum stability, and they can quickly internalize and localize into the cytosol, further achieving VEGF knockdown and performing anti-cancer effects (Kim et al., 2017).
Most importantly, siRNA represents the enhanced synergistic anti-cancer effects when combining with chemotherapeutic drugs or PDT. For instance, siRNA Wnt1 is introduced into polyethylene glycol-polyethyleneimine-chlorin e6 (PEG-PEI-Ce6) nanoagents. Further, siRNA Wnt1-PEG-PEI-Ce6 nanoagents target into the cytoplasm of PDT-treated oral cancer cells to hinder EMT process and boost the killing effects against cancer cells (Ma et al., 2017). For another thing, siRNA integrated with PTX is co-delivered by pH-sensitive polymeric micelles, which can not only achieve gene silencing but also block premature drug release and perform chemotherapeutic effects (Shi et al., 2021). These combined treatments bring great advancements in nanotechnology, nanomedicine, drug delivery, and cancer therapy.
5 THE ROLE OF NOVEL POLYMERIC NANOAGENTS IN CANCER THERANOSTICS
In order to simultaneously deliver therapeutic drugs and diagnostic imaging agents as well as real-timely monitor of therapeutic responses, imaging-guided theranostic nanoagents are developed (Hu et al., 2021a) (Table 3). The strategy of treatment with simultaneous visual diagnosis benefits the formulation of individualized therapy planning and the development of precise medicine. Nevertheless, it is required for figuring out the whole-body 3D information and the dynamic biological processes of theranostic nanoagents for in vivo applications, including absorption, distribution, metabolism, and excretion.
TABLE 3 | The role of novel polymeric nanoagents in cancer theranostics.
[image: Table 3]Presently, the NIR cypate-induced SF self-assembly (Cy@Silk) nanoagents are designed and labeled with the radionuclides (Tc) for SPECT imaging. The multimodal SPECT imaging can offer the whole-body 3D information about nanoagents' distribution in vivo, substantially facilitating the real-timely monitoring of cancer progression and maximizing the therapeutic efficacy (Wang et al., 2019a). Besides, biodegradable SPNs are developed with the ability to augment PA imaging and PTT efficacy. The biodegradable SPNs are designed based on the enzymatically oxidizable nature of vinylene bonds, and they can be transformed into water-soluble nanoparticles (SPNV). The vinylene bonds within the polymer backbone endow SPNV with an excellent mass absorption coefficient (1.3-fold) and a photothermal conversion efficacy (2.4-fold). Hence, SPNV shows the stronger PA signals and higher photothermal maximum temperature, dramatically elevating the sensitivity of diagnosis and the efficacy of PTT for various cancers (Lyu et al., 2018).
Considering the restricted absorption of the first NIR window (NIR-I) nanoagents, SPNs under the second NIR window (NIR-II) are assembled to augment the absorption. In light of the excellent PA and photothermal performance, high photostability, proper size, and low toxicity of SPNs, NIR-II-based SPNs nanoagents are assimilated by U87 glioma cells. Then, they lead to efficient cells death under NIR-II light irradiation, allowing PA imaging and PTT toward gliomas in both shallow and deep tissues (Wen et al., 2020). In another study, brain-targeted NIR-IIb aggregation-induced-emission (AIE) nanoagents are synthesized to graft apolipoprotein E peptide (ApoE), which is termed as ApoE-Ph nanoagents (Wang et al., 2022a). ApoE-Ph nanoagents have a higher PTT efficiency for glioblastoma (GBM) by keeping the balance of radiation-modulated NIR-fluorescence imaging at 1,550 nm and non-radiation NIR-PTT, opening a novel window for boosting theranostics in other cancers (Wang et al., 2022a). Also, nanoagents under NIR-II have the precise multimodel imaging capability and concurrent PTT, such as dual-model (NIR-II/MRI)-guided cancer theranostics (Hu et al., 2021b), and tri-modal (PA/NIR-II/MRI) imaging-guided PTT (Hu et al., 2019).
6 THE CHALLENGES OF NOVEL POLYMERIC NANOAGENTS
Novel polymeric nanoagents have been investigated for a long time and provide new insights for the diagnosis and treatment of cancer, and some polymeric nanoagents are entering clinical trials. However, novel polymeric NPs also have several drawbacks requiring further attention. Neutral or negatively charged and larger nanoagents are prone to escape the immune system with the reduced EPR effects, and positively charged and smaller NPs are poorly excreted and have the potential toxicity (Liang et al., 2021). These properties of nanoagents might affect the diagnostic and therapeutic efficacy for cancer (Crucho and Barros, 2017). Thereby, the size, charge, shape, and hydrophilicity of polymeric nanoagents should be further optimized.
On the other hand, the change of TME (like temperature and pH) is an important issue that attenuates the effectiveness of polymeric nanoagents-based theranostic systems, and the corresponding mechanisms remain unclear. In order to timely adjust and optimize the polymeric nanoagents-based theranostic strategies, the advanced equipment can be used to monitor the change of TME. On the other side, an innovative wearable electronic strain sensor might be applied for timely assessing therapeutic response of cancer patients by discerning differences in tumor volume dynamics (Abramson et al., 2022). Another pressing drawback of nanoagents-based systems is the rapid initial or burst release, which is often attributed to the weakly bound to the surface (Yang et al., 2014). Hence, supramolecular chemistry, especially host-guest chemistry might markedly strengthen the interaction between drugs and polymer chains (Yang et al., 2014).
Thirdly, the relatively large dose of polymeric nanoagents is administrated in vitro mouse models, but showing a relatively short circulating lifetime. Further clinical trials should try to reduce the dose and extend lifetime via adjusting medication plan, modifying with human serum albumin (HSA), polysaccharides or PEG (Hu et al., 2018). Meanwhile, the large discrepancies between in vivo and in vitro experiments should also be concerned, thereby, the more homologous animals should be chosen for experiments.
Lastly, the manufacturing processes of theranostic nanosystems for simultaneous diagnosis and therapy are generally complicated, and the productivity of novel nanoagents needs to be improved. So, the technical challenges, such as cost, colloidal stability, and reproducibility, must be taken into account. Future experiments should be focused on investigate cost-effective nanomaterials and simply the productive procedures.
7 CONCLUSION
The advanced polymeric nanoagents have obtained increasing attention in oncology research and biomedicine, wherein nanoagents not only function as imaging agents but also as the delivery carriers of drugs. Most importantly, novel polymeric nanoagents-based theranostic systems have the great potential to achieve the simultaneous treatment and diagnosis of cancer; accordingly, there are future prospects to prolong the survival of cancer patients. In the coming years, more profound research would pay attention to optimizing the physicochemical properties of nanoagents, improving productivity, lowering the production costs, and rapidly translating polymeric nanoagents into clinical applications. Although there is a long way to go until clinical translation, novel innovative polymeric nanoagents offer a great opportunity for improving current strategies for early cancer detection, diagnosis and treatment procedures, and they will be welcome in the future.
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GLOSSARY
Fol-cht, folate-chitosan;
PLGA, poly (lactide-co-glycolide);
PDD, photodynamic diagnosis;
SPIONs, super paramagnetic iron oxide NPs;
CIN, cervical intraepithelial neoplasia;
5-ALA, 5-aminolaevulinic acid;
PpIX, protoporphyrin IX;
SPNs, semiconducting polymer nanoparticles;
PA, photoacoustic;
TPP, tetraphenylporphyrin;
HA, hyaluronic acid;
ICG, indocyanine green;
BSA, bovine serum salbumin;
PSMA, poly (styrene-co-maleic anhydride);
PEG, polyethylene glycol;
PNMs, polymeric nanomicelles;
PAH, poly (allylamine hydrochloride);
PCL, poly caprolactone;
NIR, near-infrared;
MRI, magnetic resonance imaging;
CT, computed tomography;
SPECT, single photon emission computed tomography;
ACC, amorphous calcium carbonate;
SF, silk fibroin;
DOX, doxycycline;
Sal, salidroside;
LPNPs; lipid-shell and PLGA-PEG-PLGA triblock polymer-core nanoparticles;
PTX; paclitaxel;
DTX, docetaxel;
GC, glycol chitosan;
CPT, camptothecin;
C60, fullerene;
ICG, indocyanine green;
PSMA, poly (styrene-co-maleic anhydride);
SPNs, semiconducting polymer nanoparticles;
AF, activated fibroblasts;
C3, organic compound;
OSCC, oral squamous cell carcinoma;
HAS, human serum albumin;
PEI, polyethylenimine;
tGC, thiolated GC;
Ce6, chlorin e6;
siRNA, small interfering RNA;
PEG, polyethylene glycol;
PTT, photothermal therapy;
PDT, photodynamic therapy
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Chemotherapy is the mainstay of cancer treatment today. Chemotherapeutic drugs are non-selective and can harm both cancer and healthy cells, causing a variety of adverse effects such as lack of specificity, cytotoxicity, short half-life, poor solubility, multidrug resistance, and acquiring cancer stem-like characteristics. There is a paradigm shift in drug delivery systems (DDS) with the advent of smarter ways of targeted cancer treatment. Smart Drug Delivery Systems (SDDSs) are stimuli responsive and can be modified in chemical structure in response to light, pH, redox, magnetic fields, and enzyme degradation can be future of translational medicine. Therefore, SDDSs have the potential to be used as a viable cancer treatment alternative to traditional chemotherapy. This review focuses mostly on stimuli responsive drug delivery, inorganic nanocarriers (Carbon nanotubes, gold nanoparticles, Meso-porous silica nanoparticles, quantum dots etc.), organic nanocarriers (Dendrimers, liposomes, micelles), antibody-drug conjugates (ADC) and small molecule drug conjugates (SMDC) based SDDSs for targeted cancer therapy and strategies of targeted drug delivery systems in cancer cells.
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1 INTRODUCTION
Cancer has emerged as a leading health concern of the 21st century, with over 10 million new patients diagnosed each year (Sung et al., 2021). In 2020, more than 19 million people worldwide were diagnosed with cancer, with nearly 10 million dying as a result (Mao et al., 2022). By 2040, the number of new cases and deaths is expected to be around 28 million and 16 million, respectively (Khazaei et al., 2021; Sung et al., 2021). Currently, surgical resection, radiation therapy (RT), and chemotherapy are the three major treatment modalities of cancer treatment. The comparative usefulness of various procedures are determined on the basis and type of cancer and stage of development. Despite recent advances in treatment strategies and targeted treatment, the survival rate has not improved significantly. As a result, innovative cancer treatment approaches are required. Chemotherapy has been one of the most effective treatments for both localised and metastatic tumours for more than 50 years. The issue of systemic side effects from chemotherapy has yet to be addressed. Conventional drug delivery systems frequently have systemic adverse effects due to non-specific biological distribution and uncontrolled drug release features. Exploration of innovative drug delivery technology can have commercial as well as therapeutic value for health products, is needed to have significant expansion (Liu et al., 2016). Moreover, many drugs are difficult to administer using traditional drug delivery techniques due to a lack of therapeutic effectiveness and a variety of challenges such as limited bioavailability, sensitive toxicity, insufficient specificity, and so on (Majumder and Minko, 2021). Additionally, challenges to be consider and overcome, include the attack of enzymes, the poor permeability of some tissues, and the difficulty of access to the target once arriving at the destination cells, among others (Alvarez-Lorenzo and Concheiro, 2014). There is a need to investigate new innovative ways of drug delivery that can minimize side effects. A drug delivery system (DDS) is a method or process that releases the drug at a pre-selected site in a controlled manner to achieve therapeutic effect. Drug delivery systems can in principle provide enhanced efficacy and/or reduced toxicity for a therapeutic agents. An ideal DDS in cancer achieves two goals: tumor-specific delivery and tumor-specific drug release from delivery systems (Nkepang et al., 2014). Smart Drug Delivery Systems (SDDSs) were developed to circumvent these limitations, allowing payloads to be delivered to target areas in a spatially controlled way. SDDS have many other applications and can be developed into smart systems, encasing therapeutic and imaging agents as well as bearing stealth property. SDDSs can also be used to develop diagnostics tools, PET scanning, MRI-CAs for efficient and early diagnosis of cancer (Wu and Wang, 2016).
Targeted treatments aim to block specific biologic transduction pathways or cancer proteins that are involved in tumour growth and progression, i.e., molecular targets (receptors, kinase cascades, growth factors, or molecules related to angiogenesis and apoptosis) that are found overexpressed or mutated in cancer (Chabner et al., 2005; Hanahan and Weinberg, 2011). The primary objective of these revolutionary therapies is to either block the signals that lead cancer cells to grow and divide uncontrollably, induce apoptosis in cancer cells, stimulate the immune system, or target the delivery of chemotherapy agents specifically to cancer cells, minimising the death of normal cells and avoiding the negative side effects (Perez and Fernandez-Medarde, 2015).
SDDSs can preferentially accumulate and bind to the disease target, allowing for controlled release. It is common knowledge that drugs should be released at target areas in a regulated way to maximise therapeutic effectiveness while minimising negative effects. The loaded medicines can act “smart” by inheriting from the controlled release (Liu et al., 2016).
SDDSs are designed to take advantage of the different conditions (e.g., temperature, pH, and enzyme concentration) that occur in pathological tissues rather than in normal tissues in a “smart” way, enabling them to trigger drug release in the targeted tissue, overcome intermediate barriers, and increase bioavailability, blood circulation time, and overall therapeutic efficacy (AlSawaftah et al., 2021). A better understanding of tumour biology, combined with the increased availability of versatile materials such as polymers, lipids, inorganic carriers, polymeric hydrogels, and bio-macromolecular scaffolds, has led to the development of systems that can deliver chemotherapeutics to tumour sites with improved therapeutic efficacy in recent years (Senapati et al., 2018).
Drug delivery efficiency refers to the safe delivery of a drug to target locations without significant off-target effects (Sanadgol and Wackerlig, 2020). SDDSs are efficient tools to ensure the release of the therapeutic agent at the target and in the right dosage for the needed duration in order to optimise its efficacy by accumulating at the site of action and achieve the therapeutic effective concentration level within the therapeutic window while minimising adverse effects on healthy tissues. This delivery method must be biocompatible and biodegradable in order to penetrate the tissue and cells without causing specific toxicity, immunogenicity, or accumulation in organs other than the tumour. SDDSs have the potential to deliver medicines to precise and targeted locations. The most reported carriers mainly are Liposomes, micelles, dendrimers, meso-porous silica nanoparticles (MSNs), and gold nanoparticles, carbon nanotubes (CNTs), quantum dots (QDs), vitamins (Folic acid (B9) (Rana and Bhatnagar, 2021) and Biotin (B7) (Saha et al., 2013) and monoclonal antibodies (Kimiz-Gebologlu et al., 2018).
In this review article, we highlight the recent development of various SDDSs used in cancer therapeutics to increase the therapeutic index of chemotherapeutic drugs. We highlighted the components and classification of SDDSs, example of target nanocarriers, antibody based smart drug delivery systems, small molecule based smart drug delivery systems. In the context of the current oncological developments, the contribution of fundamental research to clinical practices with respect to SDDSs is explored.
2 SMART DRUG DELIVERY SYSTEMS (SDDSS)
SDDSs have the exciting potential to vastly improve the efficiency and precision of treatment across a wide range of disorders. Smart drug delivery is a means of administering treatment to a patient in a targeted and controlled release manner. SDDSs can efficiently lower dosage frequency while maintaining drug concentrations in certain organs or tissues for a longer period of time when compared to conventional DDSs. In this way, SDDSs offer a wealth of possibilities for lowering drug concentration fluctuations, reducing drug toxicity, and enhancing therapeutic efficacy.
Most anticancer drugs are given at the maximum tolerated dose, cancer patients frequently suffer from severe cytotoxic side effects, limiting their treatment options. SDDSs allow for lower drug doses while maintaining effective intracellular concentrations, therefore expanding the therapeutic window of anticancer drugs. SDDSs have several advantages, including improved specific localization, patient compliance, reduced toxic side effects, and controlled biodistribution (Naziris et al., 2016).
2.1 Components of SDDS
Successful drug delivery requires that drugs should be released at desired target sites in a controlled manner to maximise therapeutic efficacy while minimising side effects. SDDSs, are made up of the following components: carriers/targeting ligand, linker and cytotoxic drug payload. A smart drug delivery system (SDDS) using liposomes as smart carrier (Figure 1), consists of (Liu et al.) Smart Carriers/Targeting Ligands that transport anti-cancer drugs to the targeted cancer site, (ii) targeting mechanisms that locate the cancerous site, and (iii) stimulus techniques that release the payload drugs at the pre-located cancer cell site. The following sections go over the various SDDSs, as well as their targeting mechanisms and stimulus techniques.
[image: Figure 1]FIGURE 1 | Overview of a SDDSs using liposomes as smart carrier.
2.1.1 Targets utilized by SDDS
The drug target is a crucial part of SDDSs. Commonly explored drug targets in the body: i) Receptors on cell membranes which enable drug carriers to engage specifically with cells, boosting drug absorption via receptor-mediated endocytosis. For example, folate receptors (FRs), which are differentially overexpressed in epithelial cancer cells, are used to deliver tumor-specific drugs in cancers such as breast, ovarian, brain, and lung cancers (Rana and Bhatnagar, 2021). G protein coupled receptors (GPCRs), Integrins, sigma receptors, Epidermal growth factor receptor, Sigma receptors (SRs) these over expressed receptors are frequently used in preclinical cancer models for selective drug delivery via receptor–ligand pairs (Rana and Bhatnagar, 2021). Follicle-stimulating hormone receptors, C-type lectin receptors, biotin receptors, and neuropilin receptors are some of the less common receptors that have lately been utilised (Kim et al., 2018). Other targets for tumor-selective accumulation of drug carriers include those expressed on tumour vasculature endothelial cells. The dependence of tumour growth on angiogenesis is a potential target for the development of therapies to prevent the production of new tumor-feeding blood vessels to reduce tumour progression (Xu J. et al., 2017). Anti-angiogenesis strategies are successful in reducing tumour development, with endothelial cells in tumour blood arteries being the primary targets. Cancer cells are denied of nutrition and oxygen, resulting in the tumor death (Teleanu et al., 2019). Targeting ligands are coupled to drug-loaded nanocarriers. These ligands find their corresponding target on the cancer cell surface, which is overexpressed. A wide variety of synthetic and natural chemicals of various chemical classes have been utilised to target nano systems against cancer cells. Antibodies (Ab) and other proteins (such as transferrin), Aptamers, tiny molecules like folic acid, and peptides are among the most utilised. It is important to identify optimum targets to maximise the efficacy of active targeting. Identifying receptors expressed at greater levels on target cancer cells than on normal cells is the justification for picking optimal targets (Gui et al., 2017).
ii) The Cell Membrane Lipid Components: When synthetic phospholipid analogues interact with biological membranes, they change the lipid content, membrane permeability, and fluidity. As a result, signal transduction pathways are disrupted, resulting in apoptosis (Torres et al., 2021). iii) Cell Surface Antigens or Proteins: The diseased cells either produce novel proteins or show differential (under/over) expression of proteins seen in healthy cells. Against such proteins, monoclonal antibodies are employed. The tumor-specific antigen that may be used to target drugs is one that is expressed exclusively and uniformly by all tumour cells (Khanna, 2012).
2.1.2 Targeting ligands
Sugars, folic acid, peptides, monoclonal-antibodies and specifically designed antibodies are examples of ligands that bind with specific receptors found on certain cell types with some degree of exclusivity. Nucleic acids like aptamers, tiny compounds like vitamins, and sugars like galactose, mannose, and other sugars have also been described as cellular targeting components (Figure 2) (Khanna, 2012).
[image: Figure 2]FIGURE 2 | Some example of Targeting Ligands utilized in SDDSs.
2.1.3 Carrier and Targeting ligand (TL)
Special carrier systems are required for cancer-targeted drug delivery applications. A SDDSs carrier is a special molecule, particle, composite, or system that can hold the drug, either through encapsulation or using a spacer. The TL is one of the most significant components for the successful delivery of drug payload in a SDDS. They segregate, transport, and hold drug payloads while delivering them to a specific targeted site. SDDSs require different carrier systems depending on the type of targeting mechanism. SDDSs carriers are specially designed vectors capable of encapsulating and/or bonding with a spacer moiety to keep the drug inside or on them (Figure 3). The medication delivery vehicle utilised must be non-toxic and non-immunogenic, stable, biocompatible, biodegradable, readily eliminated from the body, and unrecognizable by the host’s defence mechanisms. Other characteristics of drug carriers include high loading/encapsulation quantity with zero premature release of drug molecules, cell type or tissue specificity and site directing ability, and appropriate regulated release rate of drug molecules with an effective local concentration (Vallet-Regi et al., 2001). SDDSs based on carriers/TL provide benefits such as a larger surface-to-volume ratio, more reactive activity centres, more adsorption capacity, and other characteristics such as morphological preferences. The mechanism of control and drug secretion by these carriers at the target locations is very distinct and special. The reason is that the SDDS cleaves at first upon exposure to a particular stimulus, leading to continuous release for a long time afterwards (Rai et al., 2022).
[image: Figure 3]FIGURE 3 | Some examples of Smart Drug Delivery Carriers.
2.1.4 Therapeutic drug payload
SDDSs for targeted chemotherapy usually consist of the carrier, a cleavable linker, and the chemotherapeutic agent (Rana and Bhatnagar, 2021). The chemotherapeutic agent is chosen to be inactive in its conjugated form, which makes the SDDS a prodrug that is activated only in the tumor tissues.
This allows the chemotherapeutic agent to exert its desired toxic activity on the cancer cells in a fast and effective manner (Figure 4). Drug delivery systems having the ability to attach targeted moieties can be given locally or systemically. The drug payload might be delivered either outside or within the target cells. Larger drug-delivery systems can provide high local drug concentrations, whereas smaller drug-delivery systems can be directly endocytosed. The precise architecture of the SDDSs allows drug payloads to be delivered to particular tissues in systemic administration. The main focus of SDDSs platform that the drug does not easily extravasate during blood circulation, but rather only releases at the sites where the drug carriers concentrate via an active or passive targeting approach (Liu et al., 2016).
[image: Figure 4]FIGURE 4 | Chemical structures of representative cytotoxic agents used in SDDSs.
3 MECHANISM OF ACTION OF SMART DRUG DELIVERY SYSTEM
Early detection, location of the original tumour and metastases, killing cancer cells as effectively as possible while limiting harm to the patient (i.e., maximising therapeutic index), and high accumulation in tumour lesion are all important factors in cancer treatment (Kue et al., 2016). Drug targeting can be an effective strategy to address these challenges and overcome some of the drawbacks of non-targeted treatments. To deliver therapeutic payloads to tumour locations, there are two main mechanisms of drug targeting (Figure 5) (Torchilin, 2010).
[image: Figure 5]FIGURE 5 | Different targeting strategies for anticancer therapeutics.
Passive targeting relies on the use of large, generally polymeric molecules as carriers to increase permeability and retention. Targeting moieties such as ligands and antibodies are used in active targeting. These approaches differ from mechanistic or direct targeting options, which use monoclonal antibodies (mAbs) or small-molecule drugs to bind to surface proteins or interfere with elevated metabolic processes in cancer (Kue et al., 2016).
3.1 Active targeting delivery systems
Active targeting entails the identification of cancer cells, which leads to increased drug accumulation and cellular internalisation (Figure 6) (Kim et al., 2018). In active drug targeting, antibodies, antibody fragments, and peptides are linked to drugs and delivery systems to function as homing devices, allowing them to bind to receptor structures expressed at the target region. In terms of receptors on the cell surface and antigen expression, cancer cells vs healthy cells can be distinguished (e.g., Folate Receptors, transferrin’s and Prostate-Specific Membrane Antigen (PSMA)). Trans-membrane communication is facilitated by cell surface receptors, which are proteins anchored in the cell membrane. Active targeting refers to the employment of externally coupled targeting moieties to improve carrier distribution. Because a quickly developing tumour needs a wide range of minerals and vitamins, tumour cells overexpress several tumor-specific receptors. Nanoparticles are tethered with ligands such antibodies, peptides and folic acid that serve as targets that bind to those receptors, which may aid internalisation following engagement, to provide efficient tumor-specific drug delivery. G-protein-coupled receptors (GPCRs), integrins, folate receptors, transferrin receptors, epidermal growth factor receptor (EGFR), fibroblast growth factors (FGFRs), and sigma receptors are all used to target medicines to tumour tissues and microenvironments (Rana and Bhatnagar, 2021).
[image: Figure 6]FIGURE 6 | Active and Passive targeting delivery of drug payload by SDDSs.
Antibodies have long been recognised to detect malignancies, particularly receptors or surface antigens with a high level of expression on cancer cells. In 1975, the first tumour antigen-targeting monoclonal antibody (mAb) was produced and since then, several mAbs have been FDA-approved for cancer therapy (Baah et al., 2021). Long-term administration of mAb-conjugated drug carriers is thought to create immunological memory against antibodies, although targeted treatment using mAb-conjugated drug carriers is regarded a key possibly curative approach (Kim et al., 2018). Antibody fragments or chimeric antibodies have the potential to significantly lower immunogenicity when compared to full antibodies (Singh et al., 2018). Cetuximab, a recombinant chimeric mAb with a murine variable region and a human constant region that has been successfully used to treat cancer by targeting the epidermal growth factor receptor (Singh et al., 2018). Dual targeting antibodies, which have two epitope binding sites and may respond with single or dual targets, are an emerging approach for improving tumour targeting capabilities (Kim et al., 2018). Trastuzumab, a humanised mAb for the treatment of HER2-positive breast cancer, was developed in 1998 (Piccart-Gebhart et al., 2005). Bevacizumab, a tumour angiogenesis inhibitor that binds to vascular endothelial growth factor, was authorised in 2004 for the treatment of colorectal cancer (VEGF) (Ferrara et al., 2004). Recent research has attempted to encapsulate chemotherapeutic medicines in nanoparticles and then functionalize the particle surface with mAbs to preserve targeted effectiveness. The nanoparticles’ absorption and cytotoxic efficacy are improved by conjugated antibodies (Sanchez-Moreno et al., 2018).
When metabolic activities are enhanced, transferrin receptors are overexpressed on cell surfaces (Shen et al., 2018). The primary route of cellular iron absorption via clathrin-coated pits, with subsequent traffic to endosomal compartments, has been shown to involve membrane transferrin receptor-mediated endocytosis of the complex of transferrin-bound iron and transferrin receptor (Tortorella and Karagiannis, 2014). Anti-tumor medicines, proteins, and therapeutic genes have all been effectively delivered through this absorption route (Sanchez-Moreno et al., 2018). Due to high iron needs, transferrin receptors have been found to be increased in malignant cancer cells, including those of bladder, brain, breast, and lung cancers, as well as lymphoma (Kim et al., 2018).
Aptamers are three-dimensional DNA or RNA sequences that are short and single-stranded. Aptamers are nucleic acid molecules that fold into complex 3D shapes that bind to specific targets, much like antibodies (Dunn et al., 2017). They’re gaining a lot of attention in clinical trials for a variety of reasons, including their prolonged storage life, narrow batch-to-batch differences, low immunogenicity, and the ability to make chemical modifications for improved stability, serum half-life extension, and targeted delivery (Ni et al., 2021). Aptamers are more stable ligands in-vivo than antibodies, as they are produced chemically via in-vitro selection, a simple and inexpensive process and the time required to generate aptamers is comparatively short. Unlike antibodies, aptamers do not require any specific biological systems for their production (Thiviyanathan and Gorenstein, 2012). According to Zhang et al., cell-based SELEX has a lot of potential since cancer cells may be targeted specifically without knowing the proteins expressed on their surfaces; hence, different aptamers can be produced to target different kinds of cancer (Zhang et al., 2020). Aptamers, have limitations, on the other hand as their affinity is lower than the one of antibodies. The most significant success of aptamers thus far has been the development of FDA-approved aptamers that can bind to VEGF, a protein involved in angiogenesis (Kaiser, 2006). The coupling of aptamers to drug-delivery nanoparticles resulted in better targeting, more effective treatments, and more selective diagnostics (Sanchez-Moreno et al., 2018).
Folate is a B9 vitamin that is water soluble and interacts with folate receptor to aid cellular uptake. The folate receptor has the advantage of having low expression in normal tissues, but it is strongly expressed by numerous malignancies, particularly cancers that afflict women, such as cervical, breast, and ovarian cancer (Rana and Bhatnagar, 2021). Folic acid binds 20 times more to tumour cells than it does to normal epithelial cells or fibroblasts. Folate conjugation has been a popular approach for targeting drug delivery systems due to these appealing features (Rana and Bhatnagar, 2021).
CTPs (cell targeting peptides) are peptides that are short and have been chemically synthesised from peptide libraries and utilised as targeting ligands (Vives et al., 2008). CTPs are less than 10 amino acids in length and are more stable than traditional antibodies (Dissanayake et al., 2017). The amino acid sequences of CTPs identify targets, and the best sequences for interacting with specific cancer cell surface receptors are important for target identification. The most well-studied CTP is the Arginylglycylaspartic acid (RGD) peptide, which has a high affinity for integrin receptors overexpressed on the surfaces of 21 different types of cancer cells (Sanchez-Moreno et al., 2018).
3.2 Passive targeting delivery systems
Passive targeting refers to the accumulation of a drug or drug-carrier system at a specific location, which can be caused by physicochemical and pharmacological variables (Eckmann et al., 2014). There are few universally applicable methods for targeting tumours and tumour cells due to the phenotypic diversity of malignant cells and tumours (or their organelles). The most important approach is since many cancerous cells and vascularized solid tumours, as well as some vascularized metastatic tumour nodules, have an enhanced permeability and retention (EPR) effect that can be used for antitumor drug “passive targeting” (Maeda et al., 2000). Because many solid tumours have a leaky vasculature and absent or limited lymphatic drainage, high molecular weight molecules (such as polymers) and small particles with a diameter of ∼20–500 nm accumulate within the tumour tissue (Ulbrich et al., 2016). This form of targeting is based on the pathophysiology of the disease and the characteristics of tumour tissues, which may encourage drug accumulation in target tissues, reducing non-specificity (Rabanel et al., 2012). The vasculature of tumours is thought to differ from that of surrounding tissue. In comparison to typical well-organized arteries, tumour angiogenesis has featured that aid drug retention, such as high vascular density and permeability, defective vascular architecture, and poor lymph drainage from tumour tissue interstitial spaces. The Enhanced permeability and retention effect (EPR) effect is used in passive targeting to detect cancer spots (Sanchez-Moreno et al., 2018). The accumulation rate of drug-loaded nanocarriers in a tumour is much higher than in normal tissue because to the leaky endothelium of the tumour vasculature (Hossen et al., 2019). The concentration of anti-cancer drugs in the tumour might be raised several times when compared to healthy bodily tissue using this EPR effect. The passive targeting of gelatin (typeB) –based NPs was extremely effective in the delivery of genes at tumour locations, according to Kommareddy et al. (Kommareddy and Samiji, 2007). Another study utilised gelatin (type B) for the creation of NP-based DDSs that included plasmid DNA (pDNA) (Kaul and Amiji, 2002). Encapsulating DNA with PEGylated gelatine NPs improved the efficiency of targeting pDNA-expressed green fluorescent proteins and -galactosidase in vitro as well as in vivo. PEGylated-gelatin NPs have also been utilised to focus on DNA moieties in lung carcinomas, suppressing tumour development and angiogenesis in breast cancer cells (Das et al., 2020; Mi, 2020).
4 STIMULI RESPONSIVE SMART DRUG DELIVERY SYSTEMS
The active drug can be released at the location in released under strict restraint systems in response to specific physical, chemical, or biological processes, some of which are triggered internally and some of them are induced externally (Sershen and West, 2002). Stimulus-based drug delivery techniques have showed a lot of promise in terms of successfully targeting active drug moieties. The first time thermo-sensitive liposomes were utilised for medication delivery was in 1978 (Mazzotta et al., 2018). Over the years, scientists have created and widely used stimuli-responsive biomaterials for regulated drug administration, culminating in the development of the area of stimuli-responsive polymers (Mi, 2020). As a result, they may be divided into two types of responsive DDS (Figure 7).
1. Exogeneous stimuli-responsive SDDSs (Open-loop system): Externally controlled systems, or pulsatile systems, are also known as open-loop systems. Magnets, temperature, ultrasound, electric effects, and in these systems, external triggers were employed to deliver the drug (Wen et al., 2018).
2. Endogenous stimuli-responsive SDDSs (Close-loop system): These are also known as self-regulating or responsive medication delivery systems. pH, enzyme-responsive drug delivery systems, and other internal triggers like redox-responsive drug delivery systems, etc., controls the drug release from a closed loop control system (Wen et al., 2018). Drug release needs structural changes across the carrier or in specific layers or channels due to the fact that stimulation, according to SDDS (Mi, 2020). There are two types of stimuli: exogenous and endogenous. The utilisation of endogenous cues such as pH, glutathione (GSH), and certain enzymes allows for non-invasive, spatiotemporally regulated medication delivery (Mousavi et al., 2020). Different stimuli-based energy sources (light, ultrasonic, magnetic) that efficiently trigger drug release from nano cargos for effective delivery to specific locations (Table 1).
[image: Figure 7]FIGURE 7 | Stimuli responsive smart drug delivery.
TABLE 1 | Examples of Stimuli-Sensitive various smart-carriers developed for SDDS.
[image: Table 1]4.1 pH responsive stimulus
pH is one of the most commonly used triggers for drug release because of the significant pH difference seen at the cellular level between the cytosol (7.4), the Golgi apparatus (6.40), the endosome (5.5–6.0), and the lysosome (4.5–5.5) of cancer cells and in the tumour microenvironment (Mi, 2020). In general, the pH of cytoplasm, blood, and normal tissues is around 7.0 to 7.4, while endosomal/lysosomal organelles have a pH of 6 to 4, and the tumour microenvironment has a pH of 6.5–6.8 (Mi, 2020). The use of polymers with weak acids (e.g., carboxylic acid) or bases (e.g., primary and tertiary amines) groups is used to create pH-responsive systems that produce rapid changes in ionisation at the appropriate pH. The pH responsiveness of the polymer may be readily tweaked by changing the type of the co-monomers employed to make it (Darvin et al., 2019). A pH-responsive medication delivery system may be created by hydrazone bonding an anticancer agent to carriers or targeting ligands. A medication delivery system like this reacts to acidity inside tumour cells and releases drugs in a regulated manner. Following this technique, Du et al. developed PCC-Hyd-DOXDA, a custom-made dual pH-triggered polymer drug attached system. PCC-Hyd-DOX-DA has been found to be easily absorbed by MDA-MB-231 tumour cells at pH 6.8, whereas absorption at pH 7.4 is negligible (Du et al., 2011). The polyacidic pH-responsive system includes polyacrylic acid (PAAc) and polymethacrylic acid (PMAAc) (Chen et al., 2016a). The invention of a pH-triggered auto-fluorescent polymeric nanoplatform for the delivery of non-fluorescent aromatic nitrogen mustard chlorambucil (CBL) to cancer tumours was reported by Saha et al. (Saha et al., 2019). In another study, Zhang and others incorporated doxorubicin and dextran with a hydrazone linker, targeting hepatocytes with folate (Zhang et al., 2015). While pH is widely utilised in smart medicine administration, it should be combined with other stimuli such as temperature or redox to achieve extremely exact and precise release at the target locations. The use of acidic pH as a tumour microenvironment trigger has certain drawbacks. To begin with, the acid pH in perivascular areas is often remote from the blood flow, resulting in a lack of reaction of nanoparticles. In addition, pH changes in healthy tissues and malignant tissues are frequently similar (Pan et al., 2012; Cheng R. et al., 2013). For regulated release of doxorubicin, Nikravan et al. created a pH sensitive cross-linked nanoparticle system generated from various molar ratios of poly (acrylic acid) (PAA) and ethylene glycol dimethacrylate. With increasing cross-linking degrees, the pH-responsive behaviour of this nanocarrier was less effective. At pH levels of 1.2, 5.3, and 7.4, the release of the model drug doxorubicin was investigated (Dhanasekaran, 2015).
4.2 Redox responsive stimulus
The redox-sensitive drug delivery system has sparked a lot of attention in the field of therapeutic strategies, because of its close ties to a variety of diseases, and it is being investigated a lot (Mura et al., 2013). Additionally, the redox-sensitive delivery system has the benefit of drug release within the cancer cell. Redox hemostasis is a crucial process for cell survival that involves glycolysis, glutathione synthesis, fatty acid oxidation, and glutaminolysis (Panieri and Santoro, 2016). However, in tumour cells, dysregulated redox hemostasis resulted in a shift in redox balance and an increase in ROS levels. An increase in ROS levels was caused by mitochondrial dysfunction, overexpression of NADPH oxidases, and changes in antioxidant enzymes (Arcucci et al., 2016). The redox potential in microenvironments tends to vary depending on the tissue, which may be exploited to develop redox-responsive delivery systems. The reducing environment of tumour cells is largely determined by NADPH/NADP+ and glutathione (GSH, GSH/GSSG), both of which have different reduction potentials and capacities (Wu et al., 2004). GSH levels differ between normal and cancerous cells. It ranges from 2 to 20 μM in blood and normal extracellular matrices, whereas it ranges from 2 to 10 mM in cancer cells which is 100- to 500- fold higher than the normal ranges (Liu et al., 2016). To produce redox-responsive carriers, the disulfide bond has been proven to be the major redox-sensitive linker (Liu et al., 2017). GSH levels in intracellular compartments (cytosol, mitochondria, and nucleus) are two to three orders of magnitude greater (2–10 mM) than in external fluids (2–20 mM). As a result, GSH is a well-known intracellular molecule that may be used to induce drug release within cells (Indermun et al., 2018). Many studies on the redox responsiveness of disulfide bonds are currently in progress, and diselenide bonds are also getting a lot of attention as well. Diselenide redox-sensitive bonds delivery systems are similarly sensitive to reduction and have characteristics similar to disulfide connections. Diselenide bonds can be used to create a more sensitive redox-responsive delivery system in tumour therapy because their bond energies are lower than S–S bonds (Se–Se 172 kJ/mol; C–Se 244 kJ/mol; S–S 268 kJ/mol) (Guo et al., 2018). Gang Cheng et al. synthesised the polycationic carrier OEI800-SeSex by adding the active ester containing diselenide bonds to the branched oligoethyleneimine 800 Da (OEI800) (Cheng et al., 2012). The ability of SDDSs to respond to reactive oxygen or nitrogen species (ROS or RNS) is still barely explored (Alvarez-Lorenzo and Concheiro, 2014). The main contributors to the intra- and extracellular redox potential associated with stress conditions, signalling cascades, diabetes, hypertension, atherosclerosis, or cancer are ROS such as hydrogen peroxide, superoxide, or OH radicals (Lallana and Tirelli, 2013). Oxidation-responsive SDDSs are a subset of redox-sensitive drug delivery systems that rely on reactive oxygen species (Torres et al.), primarily H2O2 and OH radicals (Darvin et al., 2019). A redox-sensitive polymeric nanoparticle for tumor-targeted medication delivery was described by Cho et al. The paclitaxel-incorporated nanoparticle was prepared using a redox-responsive biodegradable polymer that was capable of delivering paclitaxel in response to a reduction process (Das et al., 2020).
4.3 Enzyme responsive stimulus
Due of its distinct benefits, such as substrate, specificity and excellent selectivity under moderate circumstances, enzymes employed as triggers in the construction of SDDSs have been a growing topic in recent years (Liu et al., 2016). Many enzymes have been put to work to enhance medication transport to cancer cells, including lipase, protease, trypsin, glycosidase, phospholipase, oxidoreductase, and others (De La Rica et al., 2012). The drugs will be released at the target locations by site-specific enzymatic cleavage by smart carriers/ligands bearing drug payload linked/conjugated to them via encapsulation or covalent bonding. The drug-release mechanism is triggered by several enzymes (Darvin et al., 2019). Proteases which degrade protein and peptides, a fantastic alternative for releasing medicines from liposomes (Hossen et al., 2019). Radhakrishnan et al. developed hollow nanocarriers triggered by the trypsin/hyaluronidase enzyme to deliver anticancer agents intracellularly (Radhakrishnan et al., 2014).
The phospholipase A2 (PLA2) enzyme is used to release medicines or expose target ligands from SDDSs that use liposomes or small unilamellar vesicles (SUVs) (Sanchez-Moreno et al., 2018). With the presence of Cathepsin B, an intracellular cysteine protease that was particularly overexpressed in tumour locations, the H-Phe-Lys-OH peptide could be broken. Hollow nanocarriers activated by the trypsin/hyaluronidase enzyme to deliver anticancer drugs intracellularly. MMPs (matrix metalloproteases) are a zinc-dependent family of endopeptidases that are well-known for their role in cancer prognosis (Liu et al., 2017) and have been extensively studied for drug delivery and imaging applications (Kessenbrock et al., 2010). Zhu et al. Developed MMP2-sensitive; PEG lipid conjugated liposomes with anti-nucleosome monoclonal antibodies modified on their surface to improve cancer targeting (Zhu et al., 2012). In another study, Chen et al. manufactured multifunctional poly (ethylene glycol)- blocked-poly (l-lysine) Biotin 6-maleimido-caproic acid (Biotin-PEG-b-PLL (Mal)-peptide) polymeric micelles enclosing doxorubicin to improve cancer cell uptake by endocytosis (Chen WH. et al., 2015). Despite its utility, enzyme responsive SDDSs lacks precise control over the system’s initial response time.
4.4 Light responsive stimulus
Light-responsive SDDSs have received much interest as a way to take advantage of either daily and seasonal exposure to natural solar irradiation or artificial sources of electromagnetic radiation with very specific wavelengths between 2500nm and 380 nm (Alvarez-Lorenzo and Concheiro, 2014). These photo-responsive drug delivery systems offer many advantages over other stimuli-responsive formulations for drug delivery because photochemical processes do not require additional reagents or catalysts, and the majority of by-products, if any, are harmless (Pan et al., 2021). Photosensitive carriers light-responsive smart drug delivery devices have an on/off drug release mechanism in response to irradiation stimulation. A photosensitive biomaterial is generally conjugated or encapsulated to a therapeutic agent in such SDDSs. The photosensitive material absorbs light (photons), which causes a conformational change in these smart-carriers, dramatically altering their structure and allowing the encapsulated/conjugated agent to be released at the desired site in a spatio-temporal controlled manner (Sanchis et al., 2019; Pan et al., 2021). UV and visible light can cause medication release from formulations that are applied to the skin or circulate through blood vessels near the body’s surface (e.g., eye structures). Drug release is usually initiated by reversible or irreversible photo-induced structural changes in smart-carriers. Photo-cleavable bonds can be used to conjugate medicines for light sensitive release (Alvarez-Lorenzo and Concheiro, 2014). For example, doxorubicin-encapsulated poly (lactic-co-glycolic acid) (PLGA)matrix particles with a gold over-layer, NIR-triggered release was observed. When cancer cells were exposed to NIR light, doxorubicin was released abruptly, resulting in high cancer cell toxicity and tissue ablation (Zhu et al., 2012). Specifically, carbon nanotubes and graphene nanoparticles (GNPs) are excellent candidates for light-triggered stimuli, in particular, the near-infrared (Prasanna et al.) range (Hossen et al., 2019). In order to destroy cancer cells, metallic nanocarriers are capable of absorbing light and convert it to heat (Alvarez-Lorenzo and Concheiro, 2014).
Azobenzene and its derivative-based nanocarriers are frequently utilised to regulate drug delivery at its target by using ultraviolet–visible light and/or visible light to facilitate structural change and drug release (Yan et al., 2012). By encapsulating doxorubicin and ammonium bicarbonate inside nanocarriers, Chen et al. created a bubble-generating thermo-responsive liposomal system. Ammonium bicarbonate decomposes at high temperatures, releasing carbon dioxide bubbles that generate permeable holes in the lipid bilayer of liposomal nanocarriers, allowing the loaded medication doxorubicin to be released quickly (Chen et al., 2013).
4.5 Ultrasound responsive stimulus
Ultrasound is a type of high-frequency sound wave that may have an impact on carriers used for controlled drug release at diseased sites (i.e., tumors). The ultrasound intensity could be adjusted for various applications. At low ultrasound frequencies (less than 20 kHz), it could be used for imaging, as well as disrupting smart-carriers to release cargos or increasing the permeability of cancer cell membranes at high ultrasound frequencies (greater than 20 kHz) (Mi, 2020). Ultrasound has become quite popular as a stimulus in clinical investigations because to its various benefits, including intrinsic tissue penetration, improved spatiotemporal control, and increased safety. Ultrasound has recently been popular in clinics as a diagnostic and therapeutic technique (Mi, 2020). The invention of nanocarriers with ultrasonic sensitivities for ultrasonography has expanded ultrasound procedures to become a unique and successful tool for capturing drug carriers and triggering drug release at the target locations by adjusting the ultrasound frequency, duty cycles, and exposure duration (Liu et al., 2016). Kruskal et al. used a nanocarrier-DOX-encapsulated delivery technique, followed by ultrasonic tumour irradiation, to accomplish tumour targeting, resulting in the drug’s systemic distribution. Wang et al. created amphiphile segments with ultrasound-sensitive oxyl-alkylhydroxylamine(-oa) linkages. To improve medication transport to hepatocellular carcinoma cells, hydrophobic DOX was encased between the hydrophobic amphiphile portion (Mi, 2020). Jung et al. created dual-functional Gd(III)-DOTA-modified sono-sensitive liposomes for doxorubicin administration and magnetic resonance imaging acquisition (Jung et al., 2012). In the realm of cancer treatment, ultrasonic therapy has been utilised in combination with micelles. Husseini et al. (Bulbake et al., 2017) examined the release of doxorubicin from Pluronic P105 micelles at various ultrasonic frequencies.
4.6 Magnetic responsive stimulus
Magnetic-responsive drug delivery systems offer a non-invasive method of controlling the carriers’ spatiotemporal proximity to their targets. The use of magnetic particles for the delivery of anti-cancer drugs or antibodies to organs or tissues altered by disease has become an active and appealing field of research since the pioneering idea proposed by Freeman et al. (Freeman et al., 1960) that fine iron particles could be transported through the vascular system and concentrated at a particular point in the body with the aid of a magnetic field (Estelrich et al., 2015). This aids the device in releasing payloads under programmed external magnetic field exposure. MNPs (magnetic nanoparticles) have an abundance of active sites for bio molecule conjugation, allowing for accurate design and engineering to achieve their intended smart functions by applying a localised external magnetic field, such as long-term circulation in the bloodstream, target specificity to lesion tissues, and therapeutic delivery (Darvin et al., 2019). The most widely used core/shell magnetic nanoparticle has a wide range of magnetic properties. The drug is combined with a pharmaceutically stable ferromagnetic carrier in this complex. There are a number of ways to create magnetic-responsive systems, such using nanoparticles, or magneto-liposomes (Madaan et al., 2014). Jiang et al. created magnetically tunable BSA (Fe3O4/BSA) particles coated with negatively charged iron oxide nanoparticles. The release of these particles from bone marrow mesenchymal stem cells, where they were internalised with the help of an external magnetic field, was delayed (Freeman et al., 1960). Li et al. created a magneto-thermally responsive nanocarrier/doxorubicin (MTRN/Dox) using Mn-Zn containing ferrite magnetic nanoparticles (MZF-MNPs) to form a thermosensitive copolymer coating with absorbed chemotherapeutic combined with the magnetothermal effect of MZF-MNPs to allow controlled drug release at the tumour site under an alternating magnetic field (AMF) (Li et al., 2018). When compared to free Dox and MTRN/Dox treatment without the use of an AMF, the authors found that magnetic targeting of MTRN/Dox increased accumulation in tumour tissues and that AMF treatment was required for MTRN/Dox increased cytotoxicity. The MTRN/Dox with combined magnetic targeting and AMF treatment showed the greatest tumour volume reduction compared to the MTRN/Dox with only magnetic targeting or AMF treatments after injection into nude mice bearing tumours, indicating that it has potential as a liver cancer therapy. Fang, Xiuqi et al. developed a highly controllable process of Carbon Encapsulated Magnetic Nanoparticles (CEMNs) synthesis in arc discharge plasma. With an external magnetic field, CEMNs have been made more controllable with respect to both their size distribution and purity and with an external magnetic field, CEMNs have been made more controllable with respect to both their size distribution and purity. For the purpose of assessing the potential for CEMNs to be used in biomedicine, the human breast cancer cell line MDA-MB-231 was used to determine the cytotoxicity of CEMNs. Based on this finding, it is concluded that specific CEMN dosages can be utilized in biomedical settings such as MRI, cell migration control, hyperthermia, and medication administration (Fang et al., 2018).
5 SMART DRUG DELIVERY SYSTEMS USING SMART NANO-CARRIERS IN CANCER THERAPY
Nanotechnology is a cutting-edge, innovative, and promising method of delivering a drug payload to tumour tissue. Nanoparticles (NPs), which range in size from 1 to 100 nm, can reveal both physical and chemical properties; are more likely to be accumulated in solid tumors by passively extravasation from the hyperpermeable tumor blood vasculature (Cabral et al., 2011). Nanoparticle delivery systems are broadly evaluated preclinically with other nanoparticle-constructed formulations and technologies that have been used so far in the clinic setup (Peer et al., 2007; Shi et al., 2010; Wicki et al., 2015; Navya et al., 2018; Murugan et al., 2021). There are two types of therapeutic and diagnostic nanoparticles: [a] inorganic nanoparticles (such as gold, silica, and iron oxide) and [b] organic nanoparticles (e.g., polymeric, liposomes, and micelles) (Figure 8) (Murugan et al., 2021). Conventional nanocarriers are unable to transport and release drugs in the desired concentration at the targeted site when stimulated externally or internally. They must be improvised or functionalized to make them smart (Lee et al., 2015). The following qualities should be present in smart nanocarriers. To begin, smart nanocarriers should avoid the immune system’s cleaning process. Second, they should only be gathered at the targeted site. Third, upon external or internal stimulation, the intelligent nanocarrier should release the cargo at the correct focusing on the targeting site (Hossen et al., 2019). Finally, they must supply chemotherapeutics as well as other things for example, genetic materials and imaging agents, and other similar compounds (Peer et al., 2007; Lee et al., 2015; Liu et al., 2016). Depending on the type and application of conventional nanocarriers, there are a few methods for transforming them to smart nanocarriers (Bhatia, 2016; Sur et al., 2019; Sirisha, 2020). First, nanocarriers must overcome a number of biological obstacles, including cleaning, making their way to the desired targeted site through the reticuloendothelial system (RES). The RES quickly removes the nanocarrier from circulation and it is then stored in the liver, spleen, or bone marrow as anti-cancer drug payload carrying nanocarriers (Nie, 2010). Second, nanocarriers may be functionalized to distinguish cancer cells from normal cells with pinpoint accuracy. Some proteins are overexpressed on surface-level of cancer cells (Kubler and Albrecht, 2018; Antignani et al., 2020). The smart primary targets are overexpressed proteins (Perez and Fernandez-Medarde, 2015). Nanocarriers are equipped with ligands that match the overexpressed proteins. Smart nanocarriers use ligands to detect cancer cells that have overly expressed receptor proteins of their surface (Sabir et al., 2021). Third, delivering the drug to the target cancerous cells does not imply that the operation is finished. The next major issue will be releasing the drug from the smart carrier while it is being stimulated. The surface of nanocarriers can be grafted with a variety of chemical groups to make them sensitive to the stimuli system (Alvarez-Lorenzo and Concheiro, 2014). Fourth, changes are made to allow anti-cancer drugs to be delivered when combined with another material such as genetic materials (Xu et al., 2014), imaging agents (Das et al., 2020), or even more anti-cancer therapies (Bose et al., 2018).
[image: Figure 8]FIGURE 8 | Smart nanocarriers used in SDDSs.
Smart NPs materials utilized in SDDSs can be classified into Organic and inorganic NPs based on number of organic and inorganic materials have been used to fabricate them with their own distinctive architecture and attached functionalities, and they have been evaluated for effective drug delivery to tumors (Srinivasan et al., 2015). Liposomes, dendrimers, micelles, are example of organic nanoparticles and carbon nanotubes, meso-porous silica NPs (MSNs), gold/silver NPs and Quantum Dots are example of inorganic nanoparticles.
5.1 Organic nanocarriers based SDDS
5.1.1 Liposomes
Liposomes are tiny, artificially created vesicles that are completely enclosed by phospholipid bilayer membranes of varying sizes (20–10,000 nm) (Prasanna et al., 2018). Gregoriadis et al. were the first to employ liposomes as an example drug delivery device in 1971 (Gregoriadis et al., 1971). The large unilamellar liposomes (LUV) may then be produced by extrusion of multilamellar vesicles via polycarbonate filters, thanks to the invention of novel preparation technique (Prasanna et al., 2018). Liposomes have been widely used as advanced DDSs in numerous clinical trials, especially when the diameter of the liposome was reduced to less than 100 nm (Torchilin, 2012; Akbarzadeh et al., 2013).
The physico-chemical nature of lipids allows drug molecules to be encapsulated or intercalated into phospholipid bilayers, extending the medication’s location. Liposomes have been extensively studied for the delivery of imaging and therapeutic agents in a sustained and controlled manner for cancer diagnosis and treatment, with high diagnostic and therapeutic efficiency and minimal side effects (Koren et al., 2012).
Traditional liposomes have a number of flaws, including instability, insufficient drug loading, faster drug release, and shorter blood circulation times; therefore, they are not smart (Bozzuto and Molinari, 2015). The conventional liposomes need to be Traditional liposomes have been functionalized, making them ideal for use as SDDSs in order to makes them smart for utilized as SDDSs. Liposomes, like other nanocarriers, must overcome the challenge posed by the RES. Liposomes are helped to escape the RES by PEGylation. PEGylated liposomes have a longer blood circulation time as a result (Allen and Cullis, 2013). Smart nanocarriers can distinguish between cancerous and healthy cells. To actively target the cancer site, monoclonal antibodies, antibody fragments, proteins, peptides, vitamins, carbohydrates, and glycoproteins are usually attached/conjugated on the liposome (Sapra and Allen, 2003; Ruoslahti, 2012; Sawant and Torchilin, 2012; Noble et al., 2014). Smart liposomes drug delivery systems are responsive to various external and internal stimulation, including pH change, enzyme transformation, redox reaction, light, ultrasound and microwaves (Jin et al., 2016; Lee and Thompson, 2017). As a smart drug carrier system, ThermoDox, temperature-sensitive DOX liposomes developed by the company Celsion may be the closest formulation to the clinic so far. The doxorubicin may be liberated from ThermoDox at 41.5°C by taking advantage of the dipalmitoylphosphatidylcholine (DPPC) lipid crystallisation melting point (Chen et al., 2014). A novel range of cationic liposome-based systems has also been developed by integrating different cationic lipids for targeted delivery of anionic therapies such as small interfering RNA (siRNA), antisense oligonucleotides, and aptamers etc (Yingchoncharoen et al., 2016). For example, Peddada et al. created a complex nanocarrier by combining a cationic DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) liposome, an anionic copolymer, and an antisense oligonucleotide with a poly (propyl-acrylic acid) (PPAA) polymer backbone. In human ovarian cancer A2780 cells, this complex nanocarrier with grafted poly (alkylene oxides) (g-PAO) increased antisense gene silencing activity. The authors also observed increased antisense oligonucleotide delivery in ovarian tumour xenografts, demonstrating that the DOTAP/PPAA-g-PAO nanocarrier system can be used for antisense oligonucleotide delivery for gene silencing (Peddada et al., 2014). Kang et al. created a dual-targeted liposomal system that used the Pep-1 peptide as a cell penetrating peptide and folic acid as an affinity ligand for the folate receptor (FR). The authors created this dual ligand (Pep-1 and folate)-modified liposome by using a short (PEG-2000) and long (PEG-3400) polymer linker to attach both ligands to the liposomal surface. In FR-positive HeLa and FR-negative HaCaT cells, cellular uptake of various fluorescent tagged liposomes was investigated. In FR positive cells, cellular uptake was higher than in FR negative cells, indicating that this multifunctional liposomal system is suitable for FR-selective drug targeting (Kang et al., 2015).
5.1.2 Micelles
Polymer micelles are thermodynamically stable colloidal solutions formed by self-assembly of amphiphilic block copolymers (O'Reilly et al., 2006). Polymeric micelles are created using block copolymers, which are composed of two or more polymer chains with distinct hydrophilic characteristics. In an aqueous environment, these copolymers spontaneously combine into a core-shell structure. The core is made up of hydrophobic blocks, which may carry any hydrophobic medication, while the shell of hydrophilic blocks (Hibino et al., 2021). To develop therapeutic carriers, a variety of polymeric molecules have been investigated. Polymer-protein conjugates, drug-polymer conjugates, and supramolecular drug delivery systems are just a few examples. Only a few polymers have been accepted into clinical practise out of the many that have been proposed (Sanchez-Moreno et al., 2018). Biodegradable polymers, in particular, are highly preferred due to their high bioavailability, better encapsulation, controlled release, and low toxicity. Wang et al. demonstrated that paclitaxel-loaded micelles bound specifically to an MCF-7 cell-specific phage and found the cytotoxicity of the targeted paclitaxel-loaded phage micelles was significantly higher than that of the free drug or non-targeted micelle formulations against target MCF-7 cells, but not against non-target C166 cells (Wang et al., 2010). Ke et al. created micelles containing both thioridazine (which has been proven to kill cancer stem cells) and doxorubicin, presenting a promising method for breast cancer treatment that targets cancer as well as the cancer stem cells (Ke et al., 2014). Site-specific drug delivery smart nanocarriers are sought in the field of cancer therapy, with different molecules located in the external part of the nanoparticles that favour receptor-mediated cell-internalization (Wang et al., 2014). Different types of ligands, for example, folic acid and peptides, carbohydrates, antibodies, aptamers are utilised to adorn the micelle surface in order to aggressively target cancer cells (Sutton et al., 2007). The core of the micelle can be functionalized to release the anti-cancer medication at the correct concentration. pH gradients, temperature fluctuations, ultrasound, enzymes, and oxidation are among stimuli utilised in micelle based SDDSs (Sutton et al., 2007; Hossen et al., 2019). Co-delivery strategies in cancer treatment are very important for synergetic effects using multifunctional micelles. Seo et al. described a temperature-responsive micelle-based co-delivery system capable of carrying genes and anti-cancer drugs (Seo et al., 2015).
5.1.3 Dendrimers
Dendrimers are synthetic polymers with a high degree of branching made composed of an initiator core and several layers of active terminal groups. Each layer is referred to as a generation (the core is referred to as generation zero), and it is made up of repeating units (Fischer et al., 2010). Dendrimers are great candidates for developing smart nanocarriers for biological applications due to their distinct chemical structure and ability to incorporate a large number of functional groups at spatially precise locations (Nanjwade et al., 2009). Dendrimers are versatile due to their branched structure. Furthermore, all of the surface’s active groups face outward, resulting in a higher drug encapsulation rate. Several kinds of dendrimers have been reported, including poly (propylene-imine) (PPI or POPAM), polylysine dendrimer, dendritic hydrocarbon, carbon oxygen-based dendrimer, porphyrin-based dendrimer, ionic dendrimer, silicon-based dendrimers, phosphorus-based dendrimer, and Newkome dendrimer (Hossen et al., 2019).
Traditional dendrimers are cleared rapidly by the immune system and have a low uptake by cancer cells. The alternative to these limitations is to modify the dendrimer. Chemical modification, copolymerization with a linear polymer, and hybridization with other smart nanocarriers have all been suggested as ways to get around these limitations (Bugno et al., 2015). Peptides, proteins, carbohydrates, aptamers, antibodies, and other substances can be used to modify the surface of dendritic structures to actively target the cancer site (Sirisha, 2020). The surface of the dendrimer may also be changed to respond to various stimuli, such as light, heat, and pH shift protein, and enzyme transformation (Rajasekhar Reddy et al., 2012; Wang et al., 2016). The cationic character of PAMAM, among other dendrimers, makes it ideal for the transport of genetic elements. The production of PAMAM has an impact on delivery efficiency. PAMAM-based nucleic acid delivery was initially reported by Haensler and Szoka in 1993 (Madaan et al., 2014). The use of a dendritic contrast agent for tumour imaging has shown to be highly effective (Hossen et al., 2019). Researchers Zhang and Shi found a multifunctional system that may be used to target cancer treatment using G5-PAMAM dendrimers coated with folic acid and doxorubicin (Zhang et al., 2018). Kaminskas et al. investigated the use of a PEGylated polylysine dendrimer conjugated to doxorubicin to promote controlled and prolonged doxorubicin exposure of lung-resident cancers. After 2 weeks of treatment, they found a 95% reduction in lung tumour burden in rats (Kaminskas et al., 2014).
5.1.4 Polymer based
Smart polymers are extremely efficient polymers that adapt to their surroundings. Natural, semi-synthetic, or synthetic polymers are used to make polymeric NPs (Brighenti et al., 2020). Polymeric nanosystems are formed by the polymerization of numerous monomer units, and under specific conditions, they may be structured and self-assemble with a nanometric size (10–100 nm) (Joglekar and Trewyn, 2013). Drugs can be entrapped, encapsulated, or bonded to polymeric NPs in the form of a nanosphere, a nano-capsule, or a drug conjugate, depending on the production technique (Prabhu et al., 2015). Polymeric capsules may be created by conjugating targeting ligands, which boost selectivity for cancer cells and improve intracellular drug delivery while decreasing various side effects and medication toxicity (Prabhu et al., 2015). Monoclonal antibodies (mAbs) or antibody fragments, aptamers, peptides, and small compounds, such as folic acid, are widely used as targeting ligands for polymeric capsule (Avramovic et al., 2020). These ligands specifically bind to antigens or receptors overexpressed on cancer cells (Rana and Bhatnagar, 2021). The efficacy of polymeric carriers modified with targeting ligands is determined by ligand properties such as density and receptor binding affinities, which can improve receptor internalisation and drug biodistribution. A drug is chemically bonded to the polymer via a linker/spacer in drug-conjugates. When the drug is released at the target site, the bond drug-linker/spacer is a common breakage point. FA-PEG-b-PCL-hyd-DOX, a multifunctional polymeric-drug conjugate containing a di-block PEG-PCL copolymer linked to DOX through a labile hydrazone bond and adorned with folic acid (FA), was developed by Guo et al. (Guo et al., 2016)]. Hu et al. created a nanoplatform with paclitaxel (PTX) encapsulated in a triblock PCL-PEG-PCL copolymer that confirmed sustained drug release and a lower cytotoxic effect when compared to free PTX injection (Hu et al., 2017). Guo et al. demonstrated the ability of the hydrophobic polymer PLGA to encapsulate the low-solubility medicine PTX in a poly (lactic-co-glycolic acid)-poly (ethylene glycol) (PLGA-PEG) nanoplatform, with longer circulation time and improved cancer inhibition confirmed when this SDDS was decorated with DNA aptamers in C6 glioma cells (Guo et al., 2011). In another study, Wang et al. found that methoxy PEG-PLGA NP co-loaded with hydrophilic DOX and hydrophobic PCT inhibited cancer development more effectively than polymeric micelles loaded with only one medication (either DOX or PCT), with the best anticancer effectiveness at a 2:1 concentration ratio (Yingchoncharoen et al., 2016). Duong et al. also developed a PEG-PLGA copolymer system for the delivery of DOX and PCT, which includes the targeting ligand folate and the TAT peptide, and which improves the cellular interaction between PEG-PLGA micelles in the kB cell line of a human oral cavity carcinoma (Duong, 2013). In essence, folate improves the drug carriers’ targeting ability, whereas TAT peptide is a cell-penetrating peptide (CPP) used to modify the carrier surface. In PEG-PLGA micelles, different concentration ratios of DOX and PCT were used, and a concentration ratio of 1:0.2 was found to be more effective than a concentration ratio of 1:1 (Duong, 2013). Jin et al. recently developed a promising smart delivery system based on the cationic deblock poly (ethyleneimine)-poly (lactic acid) (PEI-PLA) copolymer, which was designed to deliver the drug PTX and siRNA in a synergistic strategy in chemo or gene therapy for non-small cell lung cancer (Jin et al., 2018). This PTX NPs formulation enhances the drug’s effect by inhibiting target proteins involved in cancer cell metabolism and proliferation via siRNA. With high drug loading, a longer half-life in the circulation, lower toxicity, and an antiproliferative effect of PTX on A549 cells, this co-delivery system is a promising SDDS (Jin et al., 2018).
5.2 Inorganic based SDDSs
5.2.1 Carbon nanotubes (CNTs)
CNTs have attracted incredible interest in the biomedical field due both to their promising properties (such as high surface area, needle-like structure, considerable strength, flexible interaction with drug cargo, high drug loading capacity, outstanding optical and electrical features, high stability, biocompatibility, and ability to release therapeutic agents at targeted sites) and negative properties (most notably, lack of biodegradability and toxicity) (Alshehri et al., 2016; Costa et al., 2016; Singh et al., 2016; Azqhandi et al., 2017). CNTs are one-dimensional carbon allotropes with a nanostructure with a length-to-diameter ratio greater than one million that are made by rolling a thick sheet of graphene into a smooth cylinder with a diameter on the order of a nanometre (nm) (Rahamathulla et al., 2021). CNT can be fabricated in a number of ways, including rolling up a single layer of graphene sheet (single-walled CNT; SWCNT) or rolling up many layers to form concentric cylinders (multiwalled CNT; MWNT) (Rahamathulla et al., 2021). Traditional CNTs have difficulties dissolving in both aqueous and organic solvents, which makes it difficult to disperse homogeneously as compared with other nanoparticles. To make conventional CNTs smart, they must be functionalized chemically or physically (Li Z. et al., 2017). Several biological applications, including as proteins, nucleic acids, and drug transporters, have been successfully explored using CNTs that have been functional (Anzar et al., 2020). PEGylation is a critical step in increasing solubility, avoiding RES, and reducing toxicity (Kenchegowda et al., 2021). The polymer poly (N-isopropyl acrylamide) (PNIPAM) is temperature sensitive. PNIPAM could be used to modify CNTs for temperature stimulus because of their low critical stimulus temperature (LCST) (Schmaljohann, 2006). For enzyme-responsive drug release, a disulfide cross-linker based on methacrylate cysteine is used. An ionizable polymer with a pKa value of 3–10 is an ideal candidate for pH responsiveness. Weak acids and bases show a change in the ionization state upon pH variation (Schmaljohann, 2006). Researchers developed a PEGylated CNT complex loaded with paclitaxel for the treatment of breast cancer in an early study. When compared to free paclitaxel alone, the CNT-paclitaxel complex showed better treatment efficacy in a 4T1 murine breast cancer model (Liu et al., 2008). Jain et al. reported that chemical modification of CNTs by carbohydrate d-galactose can generate a novel cascade of chemical functionalization of MWCNTs (Jain et al., 2009). Galactosylated MWCNTs are utilised to deliver active ligands (like galactose) to tumour sites as a targeted drug (Jain et al., 2009). SWCNTs are more efficient in drug distribution than MWCNTs because their walls are more defined and MWCNTs have more structural flaws. CNTs have been studied as nanocarriers for medication delivery as well as biomolecules including DNA, siRNA, and others. Functionalized carbon nanotubes can be utilised as early cancer detection techniques (Hossen et al., 2019). Cheng et al. recently developed a PLGA-functionalized CNT system for delivering the proapoptotic protein caspase-3 (CP3) to bone cancer cells with reduced toxicity (Cheng Q. et al., 2013). This nanocomplex showed efficient transfection of CP3 in cells and suppressed their proliferation. In a CNT-PLGA system, transcription factors were well delivered with a good transfection rate, and the payload release profile could be modified by adjusting the PLGA polymer molecular weight and ratio (Cheng Q. et al., 2013). For the treatment of cancer, Mehra et al. created a multiwall PEG-CTN complex loaded with doxorubicin (DOX) (Mehra and NKJain, 2015). On the surface of this DOX/ES-PEG-MWCNT system, both folic acid (FA) and estrone (ES) were attached as targeting molecules. They observed a long survival of Balb/c mice with MCF-7 tumors treated with DOX/ES-PEGMWCNT nano formulation (Mehra and NKJain, 2015).
5.2.2 Meso-porous silica nanoparticles (MSNs)
Mesoporous materials, which have pore sizes ranging from 2 to 50 nm, high surface areas, adjustable pore sizes and internal architectures, and a plethora of modifiable sites, are frequently utilised in catalyzer, sensor, and molecular sieve research (Shi et al., 2020). In the recent decades, mesoporous materials have shown significant potential for SDDS. Due to their drug loading capacity, desirable biocompatibility, and practical feasibility, MSNs have attracted the attention of researchers (Farjadian et al., 2019). The versatility of MSNs is due to their tuneable particle size (50–300 nm), tuneable pore size (2–6 nm), high surface area, and biocompatibility (Hossen et al., 2019). Tuneable particle size is an essential criterion to be a smart nanocarrier, and tuneable pore size allows drugs of different molecular shapes to be loaded. The high surface areas of the pores and external surface are suitable for grafting different functional groups on MSNs (Yingchoncharoen et al., 2016; Hossen et al., 2019). Typical MSNs have low circulation half-lives due to hemolysis of red blood cells, non-specific binding to human serum proteins, and phagocytosis of human THP-1 mono-cytic leukemia macrophages. PEGylation can help to reduce the negative impact of these variables (He et al., 2010). MSNs are used as stimulus-sensitive drug delivery systems, and the surface pores are also blocked to build gatekeeper-based delivery systems, thanks to their adaptability. For targeted administration of doxorubicin, Cheng et al. developed and synthesised a pH responsive multifunctional MSN system made up of poly dopamine, poly (ethylene glycol), and folic acid (Cheng et al., 2017). The findings revealed significant anticancer activity and release of the encapsulated drug payload from MSNPDA-PEG-FA nanosystems in acidic pH (Cheng et al., 2017). Yang et al. created disulfide-bridged ‘degradable dendritic mesoporous organo-silica nanoparticles (DDMONs) to deliver therapeutic proteins to cancer cells (Yang et al., 2016). In B16F0 cancer cells, this DDMONs system demonstrated a greater rate of glutathione (GSH)-responsive degradation and release of the therapeutic protein, but in normal HEK293t cells, the nanoparticle degradation was modest (Yang et al., 2016). Targeted MSNs therapies work by interfering directly with specific molecules involved in cancer growth and progression or indirectly by activating the immune system to detect and destroy cancer cells to prevent cancer from spreading (Colilla et al., 2010). For example, many anticancer medicines require “zero release” before reaching the target site. Efficient distribution of doxorubicin (DOX) utilising MSNs coated with a PEG copolymer employing 50 nm MSNs, which can reach a size of 110 nm when coated with the copolymer (Gary-Bobo et al., 2012; Bharti et al., 2015).
5.2.3 Gold nanoparticles
As GNPs (gold nanoparticles) have a high drug loading capacity, biocompatibility, and stability, they can be used as nano-carriers to transport drugs. In order to create GNPs with the desired morphology, the seeded growth technique is used (Dhanasekaran, 2015). The size of GNPs can be controlled by adjusting the seed to chloroauric salt ratio and the pace at which reducing agents are added, and the form of GNPs may be controlled by using surfactant intelligently to tailor the end facets (Wang et al., 2020). Medicines are connected to the surface of GO in spherical or rod-shaped GNPs; in hollow-structured GNPs, drugs are enclosed in the hollow cave (Shi et al., 2020). Non-covalent and covalent interactions are involved in the conjugation of GNPs and medicines (Wang et al., 2020). Among the non-covalent interactions are electrostatic and hydrophobic interactions, which are weak forces linking drug payload molecules to GNPs (Shi et al., 2020). The gold–thiolate bond (Au–S) is primarily responsible for covalent connections, and thiol-containing molecules are connected on the surface of GNPs in this fashion (Xue et al., 2021). For example, thiol-linked drugs or genes are linked on the surface of GNPs to release drug delivery; thiol-linked targeting groups are also decorated on the surface to improve targeting efficacy; and polymers with stimuli responsibility are functionalized on GNPs via Au–S link or electrostatic attraction, endowing the system with TME responsibility (Cobley et al., 2011). The surface plasmon resonance (SPR) phenomena in GNPs is particularly fascinating, which allows them to change light into heat and disperse that heat to kill cancer cells (Sztandera et al., 2019). Ideally, SDDS should be chemically stable in biological media, biocompatible, and targetable. Traditional GNPs are unstable in blood and are more likely to be absorbed by RES. In order to overcome these limitations, gold nanocarriers must be PEGylated. PEGylated GNPs exhibit enhanced solubility and stability under physiological conditions (Qian et al., 2011). GNPs can be modified by ligands or tumor-specific recognition molecules to deliver targeted drugs such as transferrin, folic acid, epidermal growth factor (EGF), or any number of monoclonal antibodies can be conjugated to the surface of GNPs (Vines et al., 2019). Drugs can be released from GNPs through either (1) external stimulation (laser, ultrasound, X-ray, light) or (2) internal stimulation (pH, redox condition, matrix metalloproteinase) (Tian et al., 2016; Yao et al., 2016). Trastuzumab (anti-EGF receptor monoclonal antibodies) was conjugated with citrate-coated GNPs to target EGF receptors in human SK-BR-3 breast cancer cells, resulting in downstream expression of EGF receptors and a 2-fold increase in trastuzumab cytotoxicity, even at low GNP concentrations (Jiang et al., 2008). Another study used GNPs to treat pancreatic cancer with gemcitabine and cetuximab. The cancer site could be identified using GNPs conjugated with fluorescently labelled heparin (Bansal et al., 2020).
5.2.4 Quantum dots (QDs)
QDs are semiconductor nanoparticles with excellent photoluminescence properties, optical properties, and electronic properties that make them suitable for image guided drug delivery. (Mi, 2020). This smart carrier could be used to visualise the tumour and can be functionalized with the targeting ligands for tissue specific therapeutic delivery application for the drug is delivered to the desired location. Various targeted QDs have been studied for diagnosis and therapeutic delivery applications over the years (Badıllı et al., 2020). Chen et al., for example, developed a quantum dot-based FRET system for image-guided drug delivery in the nucleus (Chen H. et al., 2015). In this study, graphene quantum dots (GQDs) were prepared and decorated with TAT peptide to facilitate nuclear localization. The quantum dot-based FRET system enabled real-time monitoring of therapeutic delivery as well as image-based tracking of release (Chen H. et al., 2015). Recent research has shown that conjugating metal based QDs with lipid nanocarriers reduces their cytotoxicity and improves their safety (Olerile et al., 2017). Iannazzo et al. recently demonstrated the potential of graphene QD-based targeted drug delivery. To exploit the biotin receptor overexpressed on tumour cells, they covalently conjugated QDs to the tumour targeting ligand biotin. This system utilizes the pH stimuli to release the drug payload at desired targeted site (Iannazzo et al., 2017). The inherent florescence of QDs makes them ideal for cancer imaging. Ovarian cancer has been diagnosed using a folic acid complex (Zhao, 2016). A DNA aptamer was added up to the top of the created QDs to target mutant MUC1 mucin, which is overexpressed in ovarian cancer. Doxorubicin was attached to the surface of the QD by a pH labile hydrazine linker, which hydrolyses at the acidic pH of the tumour microenvironment, allowing for regulated drug release (Dutta et al., 2021).
5.3 Antibody based SDDSs
In the past 3 decades, monoclonal antibodies have evolved from scientific tools into powerful therapeutics. A monoclonal antibody (mAb) is covalently attached to a cytotoxic drug payload via a chemical linker in an antibody–drug conjugate (ADC). It combines the advantages of highly specific targeting and a highly potent killing effect to achieve accurate and efficient cancer cell elimination, and it has become one of the hotspots for anticancer drug research and development (Fu et al., 2022). The first ADC drug, Mylotarg® (gemtuzumab ozogamicin), was approved by the US Food and Drug Administration (FDA) in 2000 for adults with acute myeloid leukaemia (AML), signalling the start of the ADC era of cancer targeted therapy (Norsworthy et al., 2018).
By December 2021, 14 ADC drugs had been approved worldwide for both haematological malignancies and solid tumours. Furthermore, there are currently over 100 ADC candidates in various stages of clinical trials (Fu et al., 2022). Figure 9 depicts the general mechanism of action for an ADC. Following administration, the ADC’s mAb component recognises and binds to the target tumour cells’ cell surface antigens. After antigen binding, the ADC–antigen complex is internalised by the cancer cell through endocytosis (Ritchie et al., 2013). In the case of non-cleavable linkers, the internalised complex is broken down via proteolysis within lysosomes, releasing the cytotoxic payload inside the cell, whereas the mechanism of payload release for ADCs with cleavable linkers varies depending on the specific linker used (Sanadgol and Wackerlig, 2020). The liberated payload binds to its target in all cases, causing cell death through apoptosis (Tong et al., 2021).
[image: Figure 9]FIGURE 9 | The general mechanism of action of an antibody-drug conjugate (ADC).
5.4 Small molecule drug conjugate based SDDSs
Just like ADCs, Small Molecule Drug Conjugates (SMDCs) are another class of SDDSs. An SMDC comprises of a targeting ligand, a releasable bond, a hydrophilic spacer, and a therapeutic drug payload (Rana and Bhatnagar, 2021). SMDCs which use biomarker-targeted small molecule compounds as the targeting moieties, in contrast to ADCs, provide a new, less established approach to targeted delivery. However, SMDCs have several advantages, including 1) a non-immunogenic nature, 2) a much more manageable synthesis, and 3) lower molecular weights, all of which contribute to a high potential for cell penetration in solid tumours (Zhuang et al., 2019). SMDCs have been successfully targeted against Folate Receptor, Prostate Specific Membrane Antigen, Somatostatin Receptor, and Carbonic Anhydrase IX (Ghiasikhou et al., 2019). More recently, other receptors (such as biotin receptor, bombesin receptor, Eph receptor) have gained attention as they can be potentially targeted with small molecules (Rana and Bhatnagar, 2021). Among them, the folate receptor (Iannazzo et al.) has received most of the attention and several compounds primarily developed by Endocyte have entered clinical trials (Zhuang et al., 2019). The first compounds that used folate as a targeting moiety were used for imaging. Etarfolatide was one of the first products in its class to make it to the clinic (Patel et al., 2021). A SMDC most commonly used as a delivery vehicle for folic acid is vintafolide, a conjugate containing desacetylvinblastin hydrazide (DAVLBH). Developed at Endocyte and later licensed to Merck in a $1 billion deal, this drug reached phase III clinical trials for platinum-resistant ovarian cancer. However, the results of the clinical trials, reported shortly after the European Medicines Agency (EMA) had recommended the drug approval, halted its development (Vlahov et al., 2017; Reddy et al., 2018). An innovative compound in the clinic, the peptide based SMDC 177Lu-DOTATATE, has been approved by the USFDA and EMA for the treatment of gastroenteropancreatic neuroendocrine tumors (Curtis et al., 2014). Several recent preclinical studies demonstrated the striking potency of various chemotherapeutic agents such as PEN-866, EC145, AEZS-108, NGR-TNF (Asn-Gly-Arg-TNFa), and EC0225 in xenograft models of solid tumours including breast, pancreatic, and small cell lung cancer in xenograft models of solid tumours including breast, pancreatic, and small cell lung cancer (SCLC) (Patel et al., 2021). In theory, SMDCs can deliver cytotoxic agents to target cells that overexpress specific receptors such as FR, PSMA, and others by targeting ligand to the receptors and allowing it to be internalised via receptor-mediated endocytosis (Leamon and Jackman, 2008). Once the SMDC–receptor complex is internalised, it travels from the endosome to the lysosome, where the cytotoxic drug is released from the SMDCs via deconjugation (cleaving the linker) in intracellular compartments, resulting in cell death (Patel et al., 2021). SMDCs targeting cancer endocytosis, heat shock protein 90 (HSP90), BCR/ABL fusion protein, PSMA, GLUT1, LRP1, aminopeptidase N (APN), and somatostatin receptor are all in clinical trials (SSTR). All of them are currently undergoing clinical trials in various stages (Table 2). The SMDC approach, on the other hand, has been widely used in the fields of radiotherapy and cancer diagnosis. The efficacy of ligand-targeted compounds used for cancer imaging has been demonstrated in clinical trials by the identification and localization of tumours (Srinivasarao et al., 2015; Srinivasarao and Low, 2017; Banerji et al., 2018; Patel et al., 2021; Rana and Bhatnagar, 2021).
TABLE 2 | Some medicines for cancer treatment based on SDDSs that are in clinical trials or already commercialized.
[image: Table 2]5.5 Aptamers based SDDSs
An aptamer is a simple, small, single-stranded deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) that folds into a three-dimensional conformation just like an antibody for binding to target molecules (Nimjee et al., 2017). Aptamers can typically bind to various molecules, such as overexpressed receptors, for diagnostic and therapeutic purposes using an in vitro iterative selection method known as SELEX (Systematic Evolution of Ligands by Exponential Enrichment) (Maghsoudi et al., 2019). Aptamers are more beneficial, less toxic, and easier to modify and synthesise in the lab than antibodies. Furthermore, aptamers were chosen as a new family of cancer therapeutics because of their numerous advantages over recent cancer therapies such as monoclonal antibodies. Their promising affinity for specific tumour cell lines, higher robustness than antibodies, fast in vitro selection, low immunogenicity, and better penetration into solid tumour tissue are just a few of these advantages (Hori et al., 2018). Antisoma developed AS1411, a 26-nt guanosine-rich G-quadruplex DNA oligonucleotide that was the first aptamer to enter clinical trials for cancer treatment. AS1411 was discovered in a screen for antiproliferative DNA oligonucleotides, not by SELEX (Hori et al., 2018). Aptamer–drug conjugates are particularly useful in the treatment of chemotherapeutic agents with systemic side effects. Doxorubicin (Dox) has been used as a model agent for cell-specific aptamer conjugation. Dox is a traditional chemotherapeutic agent that induces cancer cell death by intercalating into DNA. Dox can non-covalently conjugate to aptamers via intercalation into their GC-rich regions for delivery into specific cells, according to some studies (Bagalkot et al., 2006; Hu et al., 2012; Subramanian et al., 2012). Several other groups have reported novel types of aptamer–Dox conjugates in the recent years. Wen et al. isolated a CD38-targeting DNA aptamer and used CG-cargo to non-covalently conjugate Dox to it in a CG-repeat structure (Wen et al., 2016). The aptamer-Dox conjugate was formed with a 1:5 M ratio of aptamer to Dox using the CG-repeat structure. It specifically released Dox in tumour cells when systemically administered to multiple myeloma-bearing mice, inhibiting tumour growth and improving mouse survival rates (Wen et al., 2016). Trinh et al. developed AS1411-Dox, a drug-DNA adduct, by crosslinking Dox and AS1411 with formaldehyde overnight at 10°. AS1411-Dox inhibited tumour growth in hepatocellular carcinoma-bearing mice without causing severe toxicity in non-tumor tissues when given systemically (Trinh et al., 2015). Covalent conjugation to aptamers has also been utilized to target other chemotherapy agents to cancer cells. For example, Zhao et al. developed a cell-specific aptamer—methotrexate (MTX) conjugate to specifically inhibit AML (Zhao et al., 2015). In the first step, they isolated a DNA aptamer that targets CD117, an antigen that is highly expressed on AML cells. MTX was covalently conjugated with DNA aptamers with G-quadruplex structures using N-hydroxysuccinimide (NHS). The CD117 aptamer-MTX conjugate specifically inhibited the cell growth in AML (Zhao et al., 2015).
6 CHALLENGES AND THE FUTURE PERSPECTIVES
It is inevitable that every opportunity will come with some challenges. There is no exception to this rule with SDDSs. In order for SDDSs to succeed, they must overcome the toxicity of nanocarriers in the human body, the cost-effectiveness of the system, the heterogeneity and diversity of cancers, and the lack of specific regulatory guidelines (Shi et al., 2017).
To kill cancer cells, smart carriers needs to transport and release anti-cancer drugs at the targeted sites. In nanocarrier delivery, the biggest challenge is the toxicity of nanocarriers, which will need to be studied further in the future, as well as the limitation between their use in small animals and their clinical effectiveness. Depending on the chemical composition, size, shape, specific surface area, surface charge, as well as the presence or absence of a shell around the nanocarrier, conventional nanocarriers can accumulate in different vital organs including the lungs, spleen, kidneys, liver, and heart. Similarly, in case of ADCs, the high cost of production, limited penetration into solid tumor masses, and premature drug release the main concerns (Lo et al., 2022).
The challenges associated with ligands include selection of an appropriate ligand, developing conjugation strategies, and characterizing the release of the drug from the ligand (selection of a linker). A carrier-based challenge involves carrier selection and carrier physicochemical and pharmacokinetic characterization. SDDSs formulation requires additional steps in chemical synthesis and purification. Furthermore, there are additional quality control and regulatory steps, increased costs, and longer timeframes. The majority of these carriers have been designed and tested in small animal models, with excellent therapeutic results; however, the translation of animal results into human success has been limited. In order to fully comprehend the advantages and disadvantages of these vehicles, more clinical data is needed.
Another challenge that limits application of SDDSs is functional group complementarity as well as release of drug in active form in cellular melieu. pH-responsive delivery can be accomplished by the controlled protonation of the functional groups in the linker of SDDS and pH-responsive bond cleavage. Similarly, pH-induced bond cleavage can release drugs directly or by breaking up the carrier’s topological structure. Chemical bonds that can be cleaved by pH-responsive materials include hydrazine, oxime, amide, imine, ketal or acetal, orthoester, and phenyl vinyl ether. When drugs are linked to the carrier by these bonds, their cleavage in an acidic environment leads to their release. For the redox-responsive system, commonly used linkers include disulfide and diselenide linkages which will be broken with significant increases in the level of surrounding reducing agents such as GSH. On similar lines, it is necessary for enzyme-responsive SDDSs to tolerate specific conditions of pH and presence of other ions in cellular mileiu that may interfere with enzyme activity. Besides in the DDS the substrate should mimic and also be complementary to the binding pocket of target enzyme for the targeted enzyme to act, the actions of the targeted enzyme must alter the properties of the linkers used in SDDS as well. It is also worth mentioning that the long-term effects of associated with toxicity due to accumulation of nanocarriers or other SDDDs in patients is a necessity that requires investigation. All the above are formidable challenges for medicinal chemists; however, the potential of SDDSs in translational medicine cannot be denied.
In the future, SDDS will combine diagnosis and targeted therapy into one, centralized treatment system. A novel theranostic strategy has the potential to facilitate highly selective, effective, and relatively sensitive treatments of cancer and other chronic diseases, leading to personalized chemotherapy with improved outcomes for patients. All smart drug delivery systems all share the same goal: to benefit patients. Future research on smart DDSs for controlled drug delivery should concentrate on clinical translation so that more stimulus-sensitive nanomedicine may be employed in clinical settings.
7 CONCLUSION
The pharmaceutical and biotechnology industries are undergoing a significant transformation. Although the last decade has seen significant advances in drug delivery yet challenges remain. Smart drug delivery systems have the potential to overcome the limitations of traditional drug delivery methods. The development of smart drug delivery systems holds a lot of promise for pathology-specific medication design and delivery techniques that are tailored as per therapeutic needs.
Smart drug delivery systems incorporate several benefits, which includes i) a long shelf life and is not readily degraded or cleared by the reticuloendothelial system (RES) during blood circulation, ii) efficient intracellular drug delivery at the tumour targeted region or location that meets iii) drug pharmacodynamics of kinetics and spatial control, and iv) tolerability.
Another class of SDDSs include stimuli-responsive nanocarriers that can be used to deliver diagnostic and therapeutic substances to specific locations. Many improvements in stimulus sensitive delivery systems have been made in the last few years. In this review, literature studies of internal stimuli such as pH, redox, and enzyme demonstrate a superior property of controlling and adjusting the location and time of drug release without the use of any other external remote apparatus, leading in increased therapeutic drug internalisation in target cells and external stimuli such as light, ultrasound, and magnetic fields can also be utilised to initiate or increase drug release at disease sites. Smart Nanocarriers, a marvel of modern technology, are critical in the delivery of anti-cancer drugs. Because of their outstanding characteristics for cancer therapy, organic and inorganic based smart nanomaterials have recovered a lot of interest.
Changes will be made in clinical trials to allow for the specific targeting of cancer cells, which will enhance cancer patients’ quality of life by minimising the side effects of chemotherapeutic drugs and improving overall survival. Liposomes, nano-suspension, polymer nanoparticles, nanocapsule, micelles, doxil, and other nanocarriers have been authorised in clinical trials (Mi, 2020).
SDDS has a bright future and offers many opportunities for improving quality of life and patient compliance, and it could become the future of Translational Medicine.
AUTHOR CONTRIBUTIONS
AR wrote the manuscript with support from MA. All the diagrams were drawn by AR. AR, MA, and PS collected references. SB and BCD supervised the whole work and edited the manuscript. All the authors approved this manuscript.
ACKNOWLEDGMENTS
Author SB gratefully acknowledges Indian Council of Medical Research (ICMR), Government of India for Project Grant (5/13/15/2015/NCD-III). Author AR gratefully acknowledges Indian Council of Medical Research (ICMR), Government of India for Senior Research fellowship Grant (F.No. 3/2/2/99/2022/NCD-III). Author PS gratefully acknowledges University Grants Commission (UGC), Government of India for Junior Research fellowship Grant. All authors gratefully acknowledge the infrastructure support provided by Amity Institute of Biotechnology, Amity University Noida.
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
 Ak, G., Yilmaz, H., Güneş, A., and Hamarat Sanlier, S. (2018). In vitro and in vivo evaluation of folate receptor-targeted a novel magnetic drug delivery system for ovarian cancer therapy. Artif. Cells Nanomed. Biotechnol. 46, 926–937. doi:10.1080/21691401.2018.1439838
 Akbarzadeh, A., Rezaei-Sadabady, R., Davaran, S., Joo, S. W., Zarghami, N., Hanifehpour, Y., et al. (2013). Liposome: Classification, preparation, and applications. Nanoscale Res. Lett. 8, 102. doi:10.1186/1556-276x-8-102
 Al Faraj, A, Shaik, Apshaik , , and Asjijon, (2015). Magnetic single-walled carbon nanotubes as efficient drug delivery nanocarriers in breast cancer murine model: Noninvasive monitoring using diffusion-weighted magnetic resonance imaging as sensitive imaging biomarker. Int. J. Nanomedicine 10, 157–168. doi:10.2147/IJN.S75074
 Allen, T. M., and Cullis, P. R. (2013). Liposomal drug delivery systems: From concept to clinical applications. Adv. Drug Deliv. Rev. 65, 36–48. doi:10.1016/j.addr.2012.09.037
 Alsawaftah, N., and Pitt, W. G. H. (2021). Dual-targeting and stimuli-triggered liposomal drug delivery in cancer treatment. ACS Pharmacol. Transl. Sci. 4, 1028–1049. doi:10.1021/acsptsci.1c00066
 Alshehri, R., Ilyas, A. M., Hasan, A., Arnaout, A., Ahmed, F., and Memic, A. (2016). Carbon nanotubes in biomedical applications: Factors, mechanisms, and remedies of toxicity. J. Med. Chem. 59, 8149–8167. doi:10.1021/acs.jmedchem.5b01770
 Alvarez-Lorenzo, C., and Concheiro, A. (2014). Smart drug delivery systems: From fundamentals to the clinic. Chem. Commun. 50, 7743–7765. doi:10.1039/c4cc01429d
 Antignani, A., Ho, E. C. H., Bilotta, M. T., Qiu, R., Sarnvosky, R., and FitzGerald, D. J. (2020). Targeting receptors on cancer cells with protein toxins. Biomolecules 10, 1331. doi:10.3390/biom10091331
 Anzar, N., Hasan, R., Tyagi, M., Yadav, N., and Narang, J. (2020). Carbon nanotube - a review on Synthesis, Properties and plethora of applications in the field of biomedical science. Sens. Int. 1, 100003. doi:10.1016/j.sintl.2020.100003
 Arcucci, A., Ruocco, M. R., Granato, G., Sacco, A. M., and Montagnani, S. (2016). Cancer: An oxidative crosstalk between solid tumor cells and cancer associated fibroblasts. Biomed. Res. Int. 2016, 1–7. doi:10.1155/2016/4502846
 Avramovic, N., Mandic, B., Savic-Radojevic, A., and Simic, T. (2020). Polymeric nanocarriers of drug delivery systems in cancer therapy. Pharmaceutics 12, 298. doi:10.3390/pharmaceutics12040298
 Azqhandi, M. H. A, Farahani, B. V., and Dehghani, N. (2017). Encapsulation of methotrexate and cyclophosphamide in interpolymer complexes formed between poly acrylic acid and poly ethylene glycol on multi-walled carbon nanotubes as drug delivery systems. Mater. Sci. Eng. C 79, 841–847. doi:10.1016/j.msec.2017.05.089
 Baah, S., and Mrahman, K. M. (2021). Antibody-drug conjugates-A tutorial review. Molecules 26, 2943. doi:10.3390/molecules26102943
 Badıllı, U., Mollarasouli, F., Bakirhan, N. K., Ozkan, Y., and Ozkan, S. A. (2020). Role of quantum dots in pharmaceutical and biomedical analysis, and its application in drug delivery. TrAC Trends Anal. Chem. 131, 116013. doi:10.1016/j.trac.2020.116013
 Bagalkot, V., Farokhzad, O. C., Langer, R., and Jon, S. (2006). An aptamer-doxorubicin physical conjugate as a novel targeted drug-delivery platform. Angew. Chem. Int. Ed. 45, 8149–8152. doi:10.1002/anie.200602251
 Banerji, U., Cook, N., and Evans, T. J. (2018). A Cancer Research UK phase I/IIa trial of BT1718 (a first in class Bicycle Drug Conjugate) given intravenously in patients with advanced solid tumours. Am. Soc. Clin. Oncol. , 34, 3487.
 Bansal, D., Yadav, K., Pandey, V., Ganeshpurkar, A., Agnihotri, A., and Dubey, N. (2016). Lactobionic acid coupled liposomes: An innovative strategy for targeting hepatocellular carcinoma. Drug Deliv. (Lond). 23, 140–146. doi:10.3109/10717544.2014.907373
 Bansal, S. A., Kumar, V., Karimi, J., and Singh, A. P. (2020). Role of gold nanoparticles in advanced biomedical applications. Nanoscale Adv. 2, 3764–3787. doi:10.1039/d0na00472c
 Banu, H., Sethi, D. K., Edgar, A., Sheriff, A., Rayees, N., Renuka, N., et al. (2015). Doxorubicin loaded polymeric gold nanoparticles targeted to human folate receptor upon laser photothermal therapy potentiates chemotherapy in breast cancer cell lines. J. Photochem. Photobiol. B Biol. 149, 116–128. doi:10.1016/j.jphotobiol.2015.05.008
 Bao, W., Ma, H., Wang, N., and He, Z. (2019). pH-sensitive carbon quantum dots− doxorubicin nanoparticles for tumor cellular targeted drug delivery. Polym. Adv. Technol. 30, 2664–2673. doi:10.1002/pat.4696
 Beguin, E., Gray, M. D., Logan, K. A., Nesbitt, H., Sheng, Y., Kamila, S., et al. (2020). Magnetic microbubble mediated chemo-sonodynamic therapy using a combined magnetic-acoustic device. J. Control. Release 317, 23–33. doi:10.1016/j.jconrel.2019.11.013
 Bharti, C., Nagaich, U., and Pal, A. K. (2015). Mesoporous silica nanoparticles in target drug delivery system: A review. Int. J. Pharm. Investig. 5, 124–133. doi:10.4103/2230-973x.160844
 Bhatia, S. (2016). Nanoparticles types, classification, characterization, fabrication methods and drug delivery applications, Nat. Polym. drug Deliv. Syst. , 48, 19907. Springer.
 Bose, R. J. C., Uday Kumar, S., Zeng, Y., Afjei, R., Robinson, E., Lau, K., et al. (2018). Tumor cell-derived extracellular vesicle-coated nanocarriers: An efficient theranostic platform for the cancer-specific delivery of anti-miR-21 and imaging agents. ACS Nano 12, 10817–10832. doi:10.1021/acsnano.8b02587
 Bozzuto, G., and Molinari, A. (2015). Liposomes as nanomedical devices. Int. J. Nanomedicine 10, 975–999. doi:10.2147/ijn.s68861
 Brighenti, R., and Li, Y. V. (2020). Smart polymers for advanced applications: A mechanical perspective review. Front. Mat. 7, 196. doi:10.3389/fmats.2020.00196
 Bugno, J., Hsu, H. J., and Hong, S. (2015). Tweaking dendrimers and dendritic nanoparticles for controlled nano-bio interactions: Potential nanocarriers for improved cancer targeting. J. Drug Target. 23, 642–650. doi:10.3109/1061186x.2015.1052077
 Bulbake, U., Doppalapudi, S., Kommineni, N., and Khan, W. (2017). Liposomal formulations in clinical use: An updated review. Pharmaceutics 9, 12. doi:10.3390/pharmaceutics9020012
 Cabral, H., Matsumoto, Y., Mizuno, K., Chen, Q., Murakami, M., Kimura, M., et al. (2011). Accumulation of sub-100 nm polymeric micelles in poorly permeable tumours depends on size. Nat. Nanotechnol. 6, 815–823. doi:10.1038/nnano.2011.166
 Cancer Research, 1, 008–012. 2012.
 Cazzamalli, S., Dal Corso, A., Widmayer, F., and Neri, D. (2018). Chemically defined antibody–and small molecule–drug conjugates for in vivo tumor targeting applications: A comparative analysis. J. Am. Chem. Soc. 140, 1617–1621. doi:10.1021/jacs.7b13361
 Chabner, B.A., and Roberts, T.G. (2005). Timeline: Chemotherapy and the war on cancer. Nat. Rev. Cancer 5, 65–72. doi:10.1038/nrc1529
 Chen, H., and Liu, D. G. (2016a). Endogenous stimuli-responsive nanocarriers for drug delivery. Chem. Lett. 45, 242–249. doi:10.1246/cl.151176
 Chen, H., Wang, Z., Zong, S., Chen, P., Zhu, D., Wu, L., et al. (2015a). A graphene quantum dot-based FRET system for nuclear-targeted and real-time monitoring of drug delivery. Nanoscale 7, 15477–15486. doi:10.1039/c5nr03454j
 Chen, K. J., Chaung, E. Y., Wey, S. P., Lin, K. J., Cheng, F., Lin, C. C., et al. (2014). Hyperthermia-mediated local drug delivery by a bubble-generating liposomal system for tumor-specific chemotherapy. ACS Nano 8, 5105–5115. doi:10.1021/nn501162x
 Chen, K. J., Liang, H. F., Chen, H. L., Wang, Y., Cheng, P. Y., Liu, H. L., et al. (2013). A thermoresponsive bubble-generating liposomal system for triggering localized extracellular drug delivery. ACS Nano 7, 438–446. doi:10.1021/nn304474j
 Chen, L., Zhou, X., Nie, W., Zhang, Q., Wang, W., Zhang, Y., et al. (2016b). Multifunctional redox-responsive mesoporous silica nanoparticles for efficient targeting drug delivery and magnetic resonance imaging. ACS Appl. Mat. Interfaces 8, 33829–33841. doi:10.1021/acsami.6b11802
 Chen, M., Hu, J., Wang, L., Li, Y., Zhu, C., Chen, C., et al. (2020a). Targeted and redox-responsive drug delivery systems based on carbonic anhydrase IX-decorated mesoporous silica nanoparticles for cancer therapy. Sci. Rep. 10, 14447–14512. doi:10.1038/s41598-020-71071-1
 Chen, S. H., Liu, T. I., Chuang, C. L., Chen, H. H., Chiang, W. H., and Chiu, H. C. (2020b). Alendronate/folic acid-decorated polymeric nanoparticles for hierarchically targetable chemotherapy against bone metastatic breast cancer. J. Mat. Chem. B 8, 3789–3800. doi:10.1039/d0tb00046a
 Chen, W. H., Luo, G. F., Lei, Q., Jia, H. Z., Hong, S., Wang, Q. R., et al. (2015b). MMP-2 responsive polymeric micelles for cancer-targeted intracellular drug delivery. Chem. Commun. 51, 465–468. doi:10.1039/c4cc07563c
 Chen, X., Sun, H., Hu, J., Han, X., Liu, H., and Hu, Y. (2017). Transferrin gated mesoporous silica nanoparticles for redox-responsive and targeted drug delivery. Colloids Surfaces B Biointerfaces 152, 77–84. doi:10.1016/j.colsurfb.2017.01.010
 Cheng, G., He, Y., Xie, L., Nie, Y., He, B., Zhang, Z., et al. (2012). Development of a reduction-sensitive diselenide-conjugated oligoethylenimine nanoparticulate system as a gene carrier. Int. J. Nanomedicine 7, 3991–4006. doi:10.2147/ijn.s32961
 Cheng, Q., Blais, M. O., Harris, G. M., and Jabbarzadeh, E. (2013a). PLGA-carbon nanotube conjugates for intercellular delivery of caspase-3 into osteosarcoma cells. PLoS One 8, e81947. doi:10.1371/journal.pone.0081947
 Cheng, R., Meng, F., Deng, C., Klok, H. A., and Zhong, Z. (2013b). Dual and multi-stimuli responsive polymeric nanoparticles for programmed site-specific drug delivery. Biomaterials 34, 3647–3657. doi:10.1016/j.biomaterials.2013.01.084
 Cheng, W., Nie, J., Xu, L., Liang, C., Peng, Y., Liu, G., et al. (2017). pH-sensitive delivery vehicle based on folic acid-conjugated polydopamine-modified mesoporous silica nanoparticles for targeted cancer therapy. ACS Appl. Mat. Interfaces 9, 18462–18473. doi:10.1021/acsami.7b02457
 Chowdhuri, A. R., Singh, T., Ghosh, S. K., and Sahu, S. K. (2016). Carbon dots embedded magnetic nanoparticles@ chitosan@ metal organic framework as a nanoprobe for pH sensitive targeted anticancer drug delivery. ACS Appl. Mat. Interfaces 8, 16573–16583. doi:10.1021/acsami.6b03988
 Cobley, C. M., Chen, J., Cho, E. C., Wang, L. V., and Xia, Y. (2011). Gold nanostructures: A class of multifunctional materials for biomedical applications. Chem. Soc. Rev. 40, 44–56. doi:10.1039/b821763g
 Colilla, M., Izquierdo-Barba, I., and Vallet-Regí, M. (2010). Phosphorus-containing SBA-15 materials as bisphosphonate carriers for osteoporosis treatment. Microporous Mesoporous Mat. 135, 51–59. doi:10.1016/j.micromeso.2010.06.010
 Costa, P. M., Bourgognon, M., Wang, J. T., and Al-Jamal, K. T. (2016). Functionalised carbon nanotubes: From intracellular uptake and cell-related toxicity to systemic brain delivery. J. Control. Release 241, 200–219. doi:10.1016/j.jconrel.2016.09.033
 Curtis, K. K., Sarantopoulos, J., Northfelt, D. W., Weiss, G. J., Barnhart, K. M., Whisnant, J. K., et al. (2014). Novel LHRH-receptor-targeted cytolytic peptide, EP-100: first-in-human phase I study in patients with advanced LHRH-receptor-expressing solid tumors. Cancer Chemother. Pharmacol. 73, 931–941. doi:10.1007/s00280-014-2424-x
 Darvin, P., and Chandrasekharan, A. K. (2019). Introduction to smart drug delivery systems, Patients , 1–9. 
 Das, S. S., Bharadwaj, P., Bilal, M., Barani, M., Rahdar, A., Taboada, P., et al. (2020). Stimuli-Responsive Polymeric Nanocarriers for Drug Delivery, Imaging, and Theragnosis, 12. Polymers (Basel).
 De La Rica, R, Aili, D., and Stevens, M. M. (2012). Enzyme-responsive nanoparticles for drug release and diagnostics. Adv. Drug Deliv. Rev. 64, 967–978. doi:10.1016/j.addr.2012.01.002
 Dhanasekaran, S. (2015). SMART drug based targeted delivery: A new paradigm for nanomedicine strategies. J Int. J. Immunother.
 Dijoseph, J. F., Armellino, D. C., Boghaert, E. R., Khandke, K., Dougher, M. M., Sridharan, L., et al. (2004). Antibody-targeted chemotherapy with CMC-544: A CD22-targeted immunoconjugate of calicheamicin for the treatment of B-lymphoid malignancies. Blood 103, 1807–1814. doi:10.1182/blood-2003-07-2466
 Dilnawaz, F., Singh, A., Mohanty, C., and Sahoo, S. K. (2010). Dual drug loaded superparamagnetic iron oxide nanoparticles for targeted cancer therapy. Biomaterials 31, 3694–3706. doi:10.1016/j.biomaterials.2010.01.057
 Dissanayake, S., Denny, W. A., Gamage, S., and Sarojini, V. (2017). Recent developments in anticancer drug delivery using cell penetrating and tumor targeting peptides. J. Control. Release 250, 62–76. doi:10.1016/j.jconrel.2017.02.006
 Du, C., Deng, D., Shan, L., Wan, S., Cao, J., Tian, J., et al. (2013). A pH-sensitive doxorubicin prodrug based on folate-conjugated BSA for tumor-targeted drug delivery. Biomaterials 34, 3087–3097. doi:10.1016/j.biomaterials.2013.01.041
 Du, J. Z., Du, X. J., Mao, C. Q., and Wang, J. (2011). Tailor-made dual pH-sensitive polymer-doxorubicin nanoparticles for efficient anticancer drug delivery. J. Am. Chem. Soc. 133, 17560–17563. doi:10.1021/ja207150n
 Dunn, M. R., Jimenez, R. M., and Chaput, , J. C. J. N. R. C. (2017). Analysis aptamer Discov. Technol. 1, 1–16.
 Duong, H. H., and Yung, L. Y. (2013). Synergistic co-delivery of doxorubicin and paclitaxel using multi-functional micelles for cancer treatment. Int. J. Pharm. X. 454, 486–495. doi:10.1016/j.ijpharm.2013.06.017
 Dutta, B, Barick, K., and Chassan, P. A. (2021). Recent advances in active targeting of nanomaterials for anticancer drug delivery. Adv. Colloid Interface Sci. 296, 102509. doi:10.1016/j.cis.2021.102509
 Eckmann, D. M., Composto, R. J., Tsourkas, A., and Muzykantov, V. R. (2014). Nanogel carrier design for targeted drug delivery. J. Mat. Chem. B 2, 8085–8097. doi:10.1039/c4tb01141d
 Estelrich, J., Escribano, E., Queralt, J., and Busquets, M. (2015). Iron oxide nanoparticles for magnetically-guided and magnetically-responsive drug delivery. Int. J. Mol. Sci. 16, 8070–8101. doi:10.3390/ijms16048070
 Fan, N. C., Cheng, F. Y., Ho, JaA., and Yeh, C. S. (2012). Photocontrolled targeted drug delivery: Photocaged biologically active folic acid as a light-responsive tumor-targeting molecule. Angew. Chem. Int. Ed. 51, 8806–8810. doi:10.1002/anie.201203339
 Fan, R., Chen, C., Hou, H., Chuan, D., Mu, M., Liu, Z., et al. (2021). Tumor acidity and near-infrared light responsive dual drug delivery polydopamine, Based Nanoparticles Chemo-Photothermal Ther. , 31, 2009733.
 Fang, X., Cheng, X., Zhang, Y., Zhang, L. G., and Keidar, M. (2018). Single-step synthesis of carbon encapsulated magnetic nanoparticles in arc plasma and potential biomedical applications. J. Colloid Interface Sci. 509, 414–421. doi:10.1016/j.jcis.2017.09.015
 Farjadian, F., Roointan, A., Mohammadi-Samani, S., and Hosseini, M. (2019). Mesoporous silica nanoparticles: Synthesis, pharmaceutical applications, biodistribution, and biosafety assessment. Chem. Eng. J. 359, 684–705. doi:10.1016/j.cej.2018.11.156
 Ferrara, N., Hillan, K. J., Gerber, H. P., and Novotny, W. (2004). Discovery and development of bevacizumab, an anti-VEGF antibody for treating cancer. Nat. Rev. Drug Discov. 3, 391–400. doi:10.1038/nrd1381
 Fischer, M., Appelhans, D., Schwarz, S., Klajnert, B., Bryszewska, M., Voit, B., et al. (2010). Influence of surface functionality of poly(propylene imine) dendrimers on protease resistance and propagation of the scrapie prion protein. Biomacromolecules 11, 1314–1325. doi:10.1021/bm100101s
 Freeman, M., and Arrott, A. W. (1960). JJJOaP, Magnetism Med. , 31, S404–S405. 
 Fu, Z., Li, S., Han, S., Shi, C., and Zhang, Y. (2022). Antibody drug conjugate: The "biological missile" for targeted cancer therapy. Signal Transduct. Target. Ther. 7, 93. doi:10.1038/s41392-022-00947-7
 Gao, J., Nesbitt, H., Logan, K., Burnett, K., White, B., Jack, I. G., et al. (2020). An ultrasound responsive microbubble-liposome conjugate for targeted irinotecan-oxaliplatin treatment of pancreatic cancer. Eur. J. Pharm. Biopharm. 157, 233–240. doi:10.1016/j.ejpb.2020.10.012
 Gao, W., Ye, G., Duan, X., Yang, X., and Yang, V. C. (2017). Transferrin receptor-targeted pH-sensitive micellar system for diminution of drug resistance and targetable delivery in multidrug-resistant breast cancer. Int. J. Nanomedicine 12, 1047–1064. doi:10.2147/ijn.s115215
 Gary-Bobo, M., Hocine, O., Brevet, D., Maynadier, M., Raehm, L., Richeter, S., et al. (2012). Cancer therapy improvement with mesoporous silica nanoparticles combining targeting, drug delivery and PDT. Int. J. Pharm. X. 423, 509–515. doi:10.1016/j.ijpharm.2011.11.045
 Ghiasikhou, S., Cazzamalli, S., Scheuermann, J., Neri, D., and Zenobi, R. (2019). Automated and enhanced extraction of a small molecule-drug conjugate using an enzyme-inhibitor interaction based SPME tool followed by direct analysis by ESI-MS. Anal. Bioanal. Chem. 411, 7387–7398. doi:10.1007/s00216-019-02165-7
 Gregoriadis, G., Leathwood, P. D., and Dryman, B. E. (1971). Enzyme entrapment in liposomes. FEBS Lett. 14, 95–99. doi:10.1016/0014-5793(71)80109-6
 Gui, C., Zhao, E., Kwok, R. T. K., Leung, A. C. S., Lam, J. W. Y., Jiang, M., et al. (2017). AIE-Active theranostic system: Selective staining and killing of cancer cells. Chem. Sci. 8, 1822–1830. doi:10.1039/c6sc04947h
 Guo, J., Gao, X., Su, L., Xia, H., Gu, G., Pang, Z., et al. (2011). Aptamer-functionalized PEG-PLGA nanoparticles for enhanced anti-glioma drug delivery. Biomaterials 32, 8010–8020. doi:10.1016/j.biomaterials.2011.07.004
 Guo, L., Shi, D., Shang, M., Sun, X., Meng, D., Liu, X., et al. (2022). Utilizing RNA nanotechnology to construct negatively charged and ultrasound-responsive nanodroplets for targeted delivery of siRNA. Drug Deliv. (Lond). 29, 316–327. doi:10.1080/10717544.2022.2026532
 Guo, X., Cheng, Y., Zhao, X., Luo, Y., Chen, J., and Yuan, W. E. (2018). Advances in redox-responsive drug delivery systems of tumor microenvironment. J. Nanobiotechnology 16, 74. doi:10.1186/s12951-018-0398-2
 Guo, X., Wang, L., Wei, X., and Zhou, S. (2016). Polymer-based drug delivery systems for cancer treatment. J. Polym. Sci. Part A Polym. Chem. 54, 3525–3550. doi:10.1002/pola.28252
 Han, H., Valdepérez, D., Jin, Q., Yang, B., Li, Z., Wu, Y., et al. (2017). Dual enzymatic reaction-assisted gemcitabine delivery systems for programmed pancreatic cancer therapy. ACS Nano 11, 1281–1291. doi:10.1021/acsnano.6b05541
 Hanahan, D. Weinberg, (2011). Hallmarks of cancer: The next generation. Cell. 144, 646–674. doi:10.1016/j.cell.2011.02.013
 He, Q., Zhang, J., Shi, J., Zhu, Z., Zhang, L., Bu, W., et al. (2010). The effect of PEGylation of mesoporous silica nanoparticles on nonspecific binding of serum proteins and cellular responses. Biomaterials 31, 1085–1092. doi:10.1016/j.biomaterials.2009.10.046
 Hibino, M., Tanaka, K., Ouchi, M., and Terashima, T. (2021). Amphiphilic random-block copolymer micelles in water: Precise and dynamic self-assembly controlled by random copolymer association. Macromolecules 55, 178–189. doi:10.1021/acs.macromol.1c02186
 Hori, S. I., Herrera, A., Rossi, J. J., and Zhou, J. (2018). Current advances in aptamers for cancer diagnosis and therapy, Basel Cancers , 10.
 Hossen, S., Hossain, M. K., Basher, M. K., Mia, M., Rahman, M., and Uddin, M. J. (2019). Smart nanocarrier-based drug delivery systems for cancer therapy and toxicity studies: A review. J. Adv. Res. 15, 1–18. doi:10.1016/j.jare.2018.06.005
 Hu, J., Fu, S., Peng, Q., Han, Y., Xie, J., Zan, N., et al. (2017). Paclitaxel-loaded polymeric nanoparticles combined with chronomodulated chemotherapy on lung cancer: In vitro and in vivo evaluation. Int. J. Pharm. X. 516, 313–322. doi:10.1016/j.ijpharm.2016.11.047
 Hu, Y., Duan, J., Zhan, Q., Wang, F., Lu, X., and Yang, X. D. (2012). Novel MUC1 aptamer selectively delivers cytotoxic agent to cancer cells in vitro. PLoS One 7, e31970. doi:10.1371/journal.pone.0031970
 Iacobazzi, R. M., Porcelli, L., Lopedota, A. A., Laquintana, V., Lopalco, A., Cutrignelli, A., et al. (2017). Targeting human liver cancer cells with lactobionic acid-G (4)-PAMAM-FITC sorafenib loaded dendrimers. Int. J. Pharm. X. 528, 485–497. doi:10.1016/j.ijpharm.2017.06.049
 Iannazzo, D., Pistone, A., Salamo, M., Galvagno, S., Romeo, R., Giofre, S. V., et al. (2017). Graphene quantum dots for cancer targeted drug delivery. Int. J. Pharm. X. 518, 185–192. doi:10.1016/j.ijpharm.2016.12.060
 Indermun, S., Govender, M., Kumar, P., Choonara, Y. E., and Pillay, V. (2018). Stimuli-responsive polymers as smart drug delivery systems: Classifications based on carrier type and triggered-release mechanism, Stimuli Responsive Polym. Nanocarriers Drug Deliv. Appl. , Volume 1. Elsevier.
 Jablonowski, L. J., Conover, D., Teraphongphom, N. T., and Wheatley, M. A. (2018). Manipulating multifaceted microbubble shell composition to target both TRAIL-sensitive and resistant cells. J. Biomed. Mat. Res. A 106, 1903–1915. doi:10.1002/jbm.a.36389
 Jain, A. K., Dubey, V., Mehra, N. K., Lodhi, N., Nahar, M., Mishra, D. K., et al. (2009). Carbohydrate-conjugated multiwalled carbon nanotubes: Development and characterization. Nanomedicine Nanotechnol. Biol. Med. 5, 432–442. doi:10.1016/j.nano.2009.03.001
 Jiang, W., Kim, B. Y., Rutka, J. T., and Chan, W. C. W. (2008). Nanoparticle-mediated cellular response is size-dependent. Nat. Nanotechnol. 3, 145–150. doi:10.1038/nnano.2008.30
 Jin, M., Jin, G., Kang, L., Chen, L., Gao, Z., and Huang, W. (2018). Smart polymeric nanoparticles with pH-responsive and PEG-detachable properties for co-delivering paclitaxel and survivin siRNA to enhance antitumor outcomes. Int. J. Nanomedicine 13, 2405–2426. doi:10.2147/ijn.s161426
 Jin, X., Zhang, J., Jin, X., Liu, L., and Tian, X. (2020). Folate receptor targeting and cathepsin B-sensitive drug delivery system for selective cancer cell death and imaging. ACS Med. Chem. Lett. 11, 1514–1520. doi:10.1021/acsmedchemlett.0c00031
 Jin, Y., Liang, X., An, Y., and Dai, Z. (2016). Microwave-triggered smart drug release from liposomes Co-encapsulating doxorubicin and salt for local combined hyperthermia and chemotherapy of cancer. Bioconjug. Chem. 27, 2931–2942. doi:10.1021/acs.bioconjchem.6b00603
 Joglekar, M., and Trewyn, B. G. (2013). Polymer-based stimuli-responsive nanosystems for biomedical applications. Biotechnol. J. 8, 931–945. doi:10.1002/biot.201300073
 Jung, S. H., Na, K., Lee, S. A., Cho, S. H., Seong, H., and Shin, B. C. (2012). Gd(III)-DOTA-modified sonosensitive liposomes for ultrasound-triggered release and MR imaging. Nanoscale Res. Lett. 7, 462. doi:10.1186/1556-276x-7-462
 Kaiser, P. K. (2006). Antivascular endothelial growth factor agents and their development: Therapeutic implications in ocular diseases. Am. J. Ophthalmol. 142, 660–668. doi:10.1016/j.ajo.2006.05.061
 Kaminskas, L. M., Mcleod, V. M., Ryan, G. M., Kelly, B. D., Haynes, J. M., Williamson, M., et al. (2014). Pulmonary administration of a doxorubicin-conjugated dendrimer enhances drug exposure to lung metastases and improves cancer therapy. J. Control. Release 183, 18–26. doi:10.1016/j.jconrel.2014.03.012
 Kang, M. H., Yoo, H. J., Kwon, Y. H., Yoon, H. Y., Lee, S. G., Kim, S. R., et al. (2015). Design of multifunctional liposomal nanocarriers for folate receptor-specific intracellular drug delivery. Mol. Pharm. 12, 4200–4213. doi:10.1021/acs.molpharmaceut.5b00399
 Kaul, G., and Amiji, M. (2002). Long-circulating poly(ethylene glycol)-modified gelatin nanoparticles for intracellular delivery. Pharm. Res. 19, 1061–1067. doi:10.1023/a:1016486910719
 Ke, W., Zha, Z., Mukerabigwi, J. F., Chen, W., Wang, Y., He, C., et al. (2017). Matrix metalloproteinase-responsive multifunctional peptide-linked amphiphilic block copolymers for intelligent systemic anticancer drug delivery. Bioconjug. Chem. 28, 2190–2198. doi:10.1021/acs.bioconjchem.7b00330
 Ke, X. Y., Lin Ng, V. W., Gao, S. J., Tong, Y. W., Hedrick, J. L., and Yang, Y. Y. (2014). Co-delivery of thioridazine and doxorubicin using polymeric micelles for targeting both cancer cells and cancer stem cells. Biomaterials 35, 1096–1108. doi:10.1016/j.biomaterials.2013.10.049
 Kenchegowda, M., Rahamathulla, M., Hani, U., Begum, M. Y., Guruswamy, S., Osmani, R. A. M., et al. (2021). Smart nanocarriers as an emerging platform for cancer therapy: A review. Molecules 27, 146. doi:10.3390/molecules27010146
 Kessenbrock, K., and Plaks, V. W. (2010). Matrix metalloproteinases: Regulators of the tumor microenvironment. Cell. 141, 52–67. doi:10.1016/j.cell.2010.03.015
 Khanna, Kumar (2012). Targeted delivery of nanomedicines, VJISRN , 19, 1778. 
 Khazaei, Z., Namayandeh, S. M., Beiranvand, R., Naemi, H., Bechashk, S. M., and Goodarzi, E. (2021). Worldwide incidence and mortality of ovarian cancer and human development index (HDI): GLOBOCAN sources and methods 2018. J. Prev. Med. Hyg. 62, E174–E184. doi:10.15167/2421-4248/jpmh2021.62.1.1606
 Kim, D-H., Vitol, E. A., Liu, J., Balasubramanian, S., Gosztola, D. J., Cohen, E. E., et al. (2013). Stimuli-responsive magnetic nanomicelles as multifunctional heat and cargo delivery vehicles. Langmuir 29, 7425–7432. doi:10.1021/la3044158
 Kim, M. W., Kwon, S. H., Choi, J. H., and Lee, A. (2018). A promising biocompatible platform: Lipid-based and bio-inspired smart drug delivery systems for cancer therapy. Int. J. Mol. Sci. 19, 3859. doi:10.3390/ijms19123859
 Kimiz-Gebologlu, I., and Sbiray-Avci, C. (2018). Monoclonal antibodies in cancer immunotherapy. Mol. Biol. Rep. 45, 2935–2940. doi:10.1007/s11033-018-4427-x
 Kommareddy, S., and Samiji, M. (2007). Poly(ethylene glycol)-modified thiolated gelatin nanoparticles for glutathione-responsive intracellular DNA delivery. Nanomedicine Nanotechnol. Biol. Med. 3, 32–42. doi:10.1016/j.nano.2006.11.005
 Koren, E., Apte, A., Jani, A., and Torchilin, V. P. (2012). Multifunctional PEGylated 2C5-immunoliposomes containing pH-sensitive bonds and TAT peptide for enhanced tumor cell internalization and cytotoxicity. J. Control. Release 160, 264–273. doi:10.1016/j.jconrel.2011.12.002
 Kubler, E., and Albrecht, H. (2018). Large set data mining reveals overexpressed GPCRs in prostate and breast cancer: Potential for active targeting with engineered anti-cancer nanomedicines. Oncotarget 9, 24882–24897. doi:10.18632/oncotarget.25427
 Kue, C. S., Kamkaew, A., Burgess, K., Kiew, L. V., Chung, L. Y., and Lee, H. B. (2016). Small molecules for active targeting in cancer. Med. Res. Rev. 36, 494–575. doi:10.1002/med.21387
 Lale, S. V., Rg, A., Aravind, A., Kumar, D. S., and Koul, V. (2014). AS1411 aptamer and folic acid functionalized pH-responsive ATRP fabricated pPEGMA–PCL–pPEGMA polymeric nanoparticles for targeted drug delivery in cancer therapy. Biomacromolecules 15, 1737–1752. doi:10.1021/bm5001263
 Lallana, E., and Tirelli, N. J. M. C. P. (2013). Oxidation-responsive polymers: Which groups to use, how to make them, what to expect from them (biomedical applications). Macromol. Chem. Phys. 214, 143–158. doi:10.1002/macp.201200502
 Leamon, C. P., Reddy, J. A., Vlahov, I. R., Kleindl, P. J., Vetzel, M., and Westrick, E. (2006). Synthesis and biological evaluation of EC140: A novel folate-targeted vinca alkaloid conjugate. Bioconjug. Chem. 17, 1226–1232. doi:10.1021/bc060145g
 Leamon, C. P., and Jackman, A. L. (2008). Exploitation of the folate receptor in the management of cancer and inflammatory disease. Vitam. Horm. 79, 203–233. doi:10.1016/S0083-6729(08)00407-X
 Lee, B. K., Yun, Y. H., and Park, K. (2015). Smart nanoparticles for drug delivery: Boundaries and opportunities. Chem. Eng. Sci. 125, 158–164. doi:10.1016/j.ces.2014.06.042
 Lee, Y., and Thompson, D. H. (2017). Stimuli-responsive liposomes for drug delivery. Wiley Interdiscip. Rev. Nanomed Nanobiotechnol , 9.
 Li, M., Bu, W., Ren, J., Li, J., Deng, L., Gao, M., et al. (2018). Enhanced synergism of thermo-chemotherapy for liver cancer with magnetothermally responsive nanocarriers. Theranostics 8, 693–709. doi:10.7150/thno.21297
 Li Volsi, A., Scialabba, C., Vetri, V., Cavallaro, G., Licciardi, M., and Giammona, G. (2017). Near-infrared light responsive folate targeted gold nanorods for combined photothermal-chemotherapy of osteosarcoma. ACS Appl. Mat. Interfaces 9, 14453–14469. doi:10.1021/acsami.7b03711
 Li, Y., Jiang, C., Zhang, D., Wang, Y., Ren, X., Ai, K., et al. (2017a). Targeted polydopamine nanoparticles enable photoacoustic imaging guided chemo-photothermal synergistic therapy of tumor. Acta Biomater. 47, 124–134. doi:10.1016/j.actbio.2016.10.010
 Li, Z., De Barros, A. L. B., Soares, D., and Alisaraie, L. (2017b). Functionalized single-walled carbon nanotubes: Cellular uptake, biodistribution and applications in drug delivery. Int. J. Pharm. X. 524, 41–54. doi:10.1016/j.ijpharm.2017.03.017
 Li, Z-Y., Hu, J-J., Xu, Q., Chen, S., Jia, H. Z., Sun, Y. X., et al. (2015). A redox-responsive drug delivery system based on RGD containing peptide-capped mesoporous silica nanoparticles. J. Mat. Chem. B 3, 39–44. doi:10.1039/c4tb01533a
 Lin, X., Cao, Y., Li, J., Zheng, D., Lan, S., Xue, Y., et al. (2019). Folic acid-modified Prussian blue/polydopamine nanoparticles as an MRI agent for use in targeted chemo/photothermal therapy. Biomater. Sci. 7, 2996–3006. doi:10.1039/c9bm00276f
 Liu, D., Yang, F., Xiong, F., and Gu, N. (2016). The smart drug delivery system and its clinical potential. Theranostics 6, 1306–1323. doi:10.7150/thno.14858
 Liu, L., Wei, Y., Zhai, S., Chen, Q., and Xing, D. (2015). Dihydroartemisinin and transferrin dual-dressed nano-graphene oxide for a pH-triggered chemotherapy, Drug , 62, 35–46.
 Liu, M., Du, H., Zhang, W., and Zhai, G. (2017). Internal stimuli-responsive nanocarriers for drug delivery: Design strategies and applications. Mater. Sci. Eng. C 71, 1267–1280. doi:10.1016/j.msec.2016.11.030
 Liu, Z., Chen, K., Davis, C., Sherlock, S., Cao, Q., Chen, X., et al. (2008). Drug delivery with carbon nanotubes for in vivo cancer treatment. Cancer Res. 68, 6652–6660. doi:10.1158/0008-5472.can-08-1468
 Lo, C. F., Chiu, T. Y., Liu, Y. T., Pan, P. Y., Liu, K. L., Hsu, C. Y., et al. (2022). Targeting the phosphatidylserine-immune checkpoint with a small-molecule maytansinoid conjugate. J. Med. Chem. 65, 12802–12824. doi:10.1021/acs.jmedchem.2c00631
 Lu, Y-J., Wei, K-C., Ma, C-C. M., Yang, S. Y., and Chen, J. P. (2012). Dual targeted delivery of doxorubicin to cancer cells using folate-conjugated magnetic multi-walled carbon nanotubes. Colloids Surfaces B Biointerfaces 89, 1–9. doi:10.1016/j.colsurfb.2011.08.001
 Luo, Z., Jin, K., Pang, Q., Shen, S., Yan, Z., Jiang, T., et al. (2017). On-demand drug release from dual-targeting small nanoparticles triggered by high-intensity focused ultrasound enhanced glioblastoma-targeting therapy. ACS Appl. Mat. Interfaces 9, 31612–31625. doi:10.1021/acsami.7b10866
 Madaan, K., Kumar, S., Poonia, N., and Lather, V. (2014). Dendrimers in drug delivery and targeting: Drug-dendrimer interactions and toxicity issues. J. Pharm. Bioallied Sci. 6, 139–150. doi:10.4103/0975-7406.130965
 Maeda, H., Wu, J., Sawa, T., Matsumura, Y., and Hori, K. (2000). Tumor vascular permeability and the EPR effect in macromolecular therapeutics: A review. J. Control. Release 65, 271–284. doi:10.1016/s0168-3659(99)00248-5
 Maghsoudi, S., Shahraki, B. T., Rabiee, N., Afshari, R., Fatahi, Y., Dinarvand, R., et al. (2019). Recent advancements in aptamer-bioconjugates: Sharpening stones for breast and prostate cancers targeting. J. Drug Deliv. Sci. Technol. 53, 101146. doi:10.1016/j.jddst.2019.101146
 Majumder, J., and Minko, T. (2021). Multifunctional and stimuli-responsive nanocarriers for targeted therapeutic delivery. Expert Opin. Drug Deliv. 18, 205–227. doi:10.1080/17425247.2021.1828339
 Mao, J. J., Pillai, G. G., Andrade, C. J., Ligibel, J. A., Basu, P., Cohen, L., et al. (2022). Integrative oncology: Addressing the global challenges of cancer prevention and treatment. Ca. A Cancer J. Clin. 72, 144–164. doi:10.3322/caac.21706
 Mazzotta, E., Tavano, L., and Muzzalupo, R. (2018). Thermo-sensitive vesicles in controlled drug delivery for chemotherapy. Pharmaceutics 10, 150. doi:10.3390/pharmaceutics10030150
 Mehra, N. K., and Jain, N. K. (2015). One platform comparison of estrone and folic acid anchored surface engineered MWCNTs for doxorubicin delivery. Mol. Pharm. 12, 630–643. doi:10.1021/mp500720a
 Mi, P. (2020). Stimuli-responsive nanocarriers for drug delivery, tumor imaging, therapy and theranostics. Theranostics 10, 4557–4588. doi:10.7150/thno.38069
 Mousavi, T., Hadizadeh, N., Nikfar, S., and Abdollahi, M. (2020). Drug discovery strategies for modulating oxidative stress in gastrointestinal disorders. Expert Opin. Drug Discov. 15, 1309–1341. doi:10.1080/17460441.2020.1791077
 Mura, S., Nicolas, J., and Couvreur, P. (2013). Stimuli-responsive nanocarriers for drug delivery. Nat. Mat. 12, 991–1003. doi:10.1038/nmat3776
 Murugan, B., Sagadevan, S., Fatimah, I., Oh, W. C., Motalib Hossain, M. A., and Johan, M. R. (2021). Smart stimuli-responsive nanocarriers for the cancer therapy–nanomedicine. Nanotechnol. Rev. 10, 933–953. doi:10.1515/ntrev-2021-0067
 Nanjwade, B. K., Bechra, H. M., Derkar, G. K., Manvi, F., and Nanjwade, V. K. (2009). Dendrimers: Emerging polymers for drug-delivery systems. Eur. J. Pharm. Sci. 38, 185–196. doi:10.1016/j.ejps.2009.07.008
 Navya, P., Kaphle, A. D., and Hjn, (2018). Nanomedicine in sensing, delivery, imaging and tissue engineering: Advances, opportunities and challenges, Sensing , 30–56.
 Naziris, N., Pippa, N., Pispas, S., and Demetzos, C. (2016). Stimuli-responsive drug delivery nanosystems: From bench to clinic. 6, 166–185. doi:10.2174/2468187306666160712232449
 Ni, S., Zhuo, Z., Pan, Y., Yu, Y., Li, F., Liu, J., et al. (2021). Recent progress in aptamer discoveries and modifications for therapeutic applications. ACS Appl. Mat. Interfaces 13, 9500–9519. doi:10.1021/acsami.0c05750
 Nie, S. (2010). Understanding and overcoming major barriers in cancer nanomedicine. Nanomedicine (Lond) 5, 523–528. doi:10.2217/nnm.10.23
 Nimjee, S. M., White, R. R., Becker, R. C., and Sullenger, B. A. (2017). Aptamers as therapeutics. Annu. Rev. Pharmacol. Toxicol. 57, 61–79. doi:10.1146/annurev-pharmtox-010716-104558
 Nkepang, G., Bio, M., Rajaputra, P., Awuah, S. G., and You, Y. (2014). Folate receptor-mediated enhanced and specific delivery of far-red light-activatable prodrugs of combretastatin A-4 to FR-positive tumor. Bioconjug. Chem. 25, 2175–2188. doi:10.1021/bc500376j
 Noble, G. T., Stefanick, J. F., Ashley, J. D., Kiziltepe, T., and Bilgicer, B. (2014). Ligand-targeted liposome design: Challenges and fundamental considerations. Trends Biotechnol. 32, 32–45. doi:10.1016/j.tibtech.2013.09.007
 Norsworthy, K. J., Ko, C. W., Lee, J. E., Liu, J., John, C. S., Przepiorka, D., et al. (2018). FDA approval summary: Mylotarg for treatment of patients with relapsed or refractory CD33-positive acute myeloid leukemia. Oncologist 23, 1103–1108. doi:10.1634/theoncologist.2017-0604
 O'reilly, R. K., Hawker, C. J., and Wooley, K. L. (2006). Cross-linked block copolymer micelles: Functional nanostructures of great potential and versatility. Chem. Soc. Rev. 35, 1068–1083. doi:10.1039/b514858h
 Olerile, L. D., Liu, Y., Zhang, B., Wang, T., Mu, S., Zhang, J., et al. (2017). Near-infrared mediated quantum dots and paclitaxel co-loaded nanostructured lipid carriers for cancer theragnostic. Colloids Surfaces B Biointerfaces 150, 121–130. doi:10.1016/j.colsurfb.2016.11.032
 Palanikumar, L., Al-Hosani, S., Kalmouni, M., Nguyen, V. P., Ali, L., Pasricha, R., et al. (2020). pH-responsive high stability polymeric nanoparticles for targeted delivery of anticancer therapeutics. Commun. Biol. 3, 95–17. doi:10.1038/s42003-020-0817-4
 Pan, P., Svirskis, D., Rees, S. W. P., Barker, D., Waterhouse, G. I., and Wu, Z. (2021). Photosensitive drug delivery systems for cancer therapy: Mechanisms and applications. J. Control. Release 338, 446–461. doi:10.1016/j.jconrel.2021.08.053
 Pan, Y. J., Chen, Y. Y., Wang, D. R., Wei, C., Guo, J., Lu, D. R., et al. (2012). Redox/pH dual stimuli-responsive biodegradable nanohydrogels with varying responses to dithiothreitol and glutathione for controlled drug release. Biomaterials 33, 6570–6579. doi:10.1016/j.biomaterials.2012.05.062
 Panieri, E., and Santoro, M. M. (2016). ROS homeostasis and metabolism: A dangerous liason in cancer cells. Cell. Death Dis. 7, e2253. doi:10.1038/cddis.2016.105
 Parida, S., Maiti, C., Rajesh, Y., Dey, K. K., Pal, I., Parekh, A., et al. (2017). Gold nanorod embedded reduction responsive block copolymer micelle-triggered drug delivery combined with photothermal ablation for targeted cancer therapy. Biochimica Biophysica Acta - General Subj. 1861, 3039–3052. doi:10.1016/j.bbagen.2016.10.004
 Patel, T. K., Adhikari, N., Amin, S. A., Biswas, S., Jha, T., and Ghosh, B. (2021). Small molecule drug conjugates (SMDCs): An emerging strategy for anticancer drug design and discovery. New J. Chem. 45, 5291–5321. doi:10.1039/d0nj04134c
 Peddada, L. Y., Garbuzenko, O. B., Devore, D. I., Minko, T., and Roth, C. M. (2014). Delivery of antisense oligonucleotides using poly(alkylene oxide)-poly(propylacrylic acid) graft copolymers in conjunction with cationic liposomes. J. Control. Release 194, 103–112. doi:10.1016/j.jconrel.2014.08.023
 Peer, D., Karp, J. M., Hong, S., Farokhzad, O. C., Margalit, R., and Langer, R. (2007). Nanocarriers as an emerging platform for cancer therapy. Nat. Nanotechnol. 2, 751–760. doi:10.1038/nnano.2007.387
 Perez, H., and Fernandez-Medarde, A. (2015). Advanced targeted therapies in cancer: Drug nanocarriers, the future of chemotherapy. Eur. J. Pharm. Biopharm. 93, 52–79. doi:10.1016/j.ejpb.2015.03.018
 Piccart-Gebhart, M. J., Procter, M., Leyland-Jones, B., Goldhirsch, A., Untch, M., Smith, I., et al. (2005). Trastuzumab after adjuvant chemotherapy in HER2-positive breast cancer. N. Engl. J. Med. Overseas. Ed. 353, 1659–1672. doi:10.1056/nejmoa052306
 Prabhu, R. H., and Patravale, V. B. J. (2015). Polymeric nanoparticles for targeted treatment in oncology: Current insights. Int. J. Nanomedicine 10, 1001–1018. doi:10.2147/ijn.s56932
 Prasanna, A., Pooja, R., Suchithra, V., Ravikumar, A., Gupta, P. K., Niranjan, V., et al. (2018). Smart drug delivery systems for cancer treatment using nanomaterials, System , 5, 21047–21054. 
 Purushothaman, B. K., Maheswari, P., and Usheriffa Begum, K., (2021). pH and magnetic field responsive protein-inorganic nanohybrid conjugated with biotin: A biocompatible carrier system targeting lung cancer cells. J. Appl. Polym. Sci. 138, 49949. doi:10.1002/app.49949
 Qian, W., Murakami, M., Ichikawa, Y., and Che, Y. (2011). Highly efficient and controllable PEGylation of gold nanoparticles prepared by femtosecond laser ablation in water. J. Phys. Chem. C 115, 23293–23298. doi:10.1021/jp2079567
 Qiu, J., Zhang, R., Li, J., Sang, Y., Tang, W., Rivera Gil, P., et al. (2015). Fluorescent graphene quantum dots as traceable, pH-sensitive drug delivery systems. Int. J. Nanomedicine 10, 6709–6724. doi:10.2147/ijn.s91864
 Rabanel, J. M., Aoun, V., Elkin, I., Mokhtar, M., and Hildgen, P. (2012). Drug-loaded nanocarriers: Passive targeting and crossing of biological barriers. Curr. Med. Chem. 19, 3070–3102. doi:10.2174/092986712800784702
 Radhakrishnan, K., Tripathy, J., Gnanadhas, D. P., Chakravortty, D., and Raichur, A. M. (2014). Dual enzyme responsive and targeted nanocapsules for intracellular delivery of anticancer agents. RSC Adv. 4, 45961–45968. doi:10.1039/c4ra07815b
 Rahamathulla, M., Bhosale, R. R., Osmani, RaM., Mahima, K. C., Johnson, A. P., Hani, U., et al. (2021). Carbon nanotubes: Current perspectives on diverse applications in targeted drug delivery and therapies, Mater. (Basel) , 14, 3452.
 Rai, S., Singh, N., and Bhattacharya, S. (2022). Concepts on smart nano-based drug delivery system. Recent Pat. Nanotechnol. 16, 67–89. doi:10.2174/1872210515666210120113738
 Rajasekhar Reddy, R., Raghupathi, K. R., Torres, D. A., and Thayumanavan, S. (2012). Stimuli sensitive amphiphilic dendrimers. New J. Chem. 36, 340–349. doi:10.1039/c2nj20879b
 Rana, A., and Bhatnagar, S. (2021). Advancements in folate receptor targeting for anti-cancer therapy: A small molecule-drug conjugate approach. Bioorg. Chem. 112, 104946. doi:10.1016/j.bioorg.2021.104946
 Ravar, F., Saadat, E., Gholami, M., Dehghankelishadi, P., Mahdavi, M., Azami, S., et al. (2016). Hyaluronic acid-coated liposomes for targeted delivery of paclitaxel, in-vitro characterization and in-vivo evaluation. J. Control. Release 229, 10–22. doi:10.1016/j.jconrel.2016.03.012
 Reddy, J. A., Dorton, R., Bloomfield, A., Nelson, M., Dircksen, C., Vetzel, M., et al. (2018). Pre-clinical evaluation of EC1456, a folate-tubulysin anti-cancer therapeutic. Sci. Rep. 8, 8943. doi:10.1038/s41598-018-27320-5
 Reddy, J. A., Dorton, R., Westrick, E., Dawson, A., Smith, T., Xu, L. C., et al. (2007). Preclinical evaluation of EC145, a folate-vinca alkaloid conjugate, Evaluation , 67, 4434–4442.
 Ritchie, M., Tchistiakova, L., and Scott, N. (2013). Implications of receptor-mediated endocytosis and intracellular trafficking dynamics in the development of antibody drug conjugates. MAbs 5, 13–21. doi:10.4161/mabs.22854
 Ruoslahti, E. (2012). Peptides as targeting elements and tissue penetration devices for nanoparticles. Adv. Mat. 24, 3747–3756. doi:10.1002/adma.201200454
 Sabir, F., Qindeel, M., Zeeshan, M., Ul Ain, Q., Rahdar, A., Barani, M., et al. (2021). Onco-receptors targeting in lung cancer via application of surface-modified and hybrid nanoparticles: A cross-disciplinary review. Process. (Basel). 9, 621. doi:10.3390/pr9040621
 Saha, B., Choudhury, N., Seal, S., Ruidas, B., and De, P. (2019). Aromatic nitrogen mustard-based autofluorescent amphiphilic brush copolymer as pH-responsive drug delivery vehicle. Biomacromolecules 20, 546–557. doi:10.1021/acs.biomac.8b01468
 Saha, S., Majumdar, R., Hussain, A., Dighe, R. R., and Chakravarty, A. R. (2013). Biotin-conjugated tumour-targeting photocytotoxic iron(III) complexes. Phil. Trans. R. Soc. A 371, 20120190. doi:10.1098/rsta.2012.0190
 Sanadgol, N., and Wackerlig, J. (2020). Developments of smart drug-delivery systems based on magnetic molecularly imprinted polymers for targeted cancer therapy: A short review. Pharmaceutics 12, 831. doi:10.3390/pharmaceutics12090831
 Sanchez-Moreno, P., Ortega-Vinuesa, J. L., Peula-Garcia, J. M., Marchal, J. A., and Boulaiz, H. (2018). Smart drug-delivery systems for cancer nanotherapy. Curr. Drug Targets 19, 339–359. doi:10.2174/1389450117666160527142544
 Sanchis, A., and Salvador, J. P. M. (2019). Light-induced mechanisms for nanocarrier's cargo release. Colloids Surfaces B Biointerfaces 173, 825–832. doi:10.1016/j.colsurfb.2018.10.056
 Sapra, P., and Allen, T. M. (2003). Ligand-targeted liposomal anticancer drugs. Prog. Lipid Res. 42, 439–462. doi:10.1016/s0163-7827(03)00032-8
 Satsangi, A., Roy, S. S., Satsangi, R. K., Tolcher, A. W., Vadlamudi, R. K., Goins, B., et al. (2015). Synthesis of a novel, sequentially active-targeted drug delivery nanoplatform for breast cancer therapy. Biomaterials 59, 88–101. doi:10.1016/j.biomaterials.2015.03.039
 Sawant, R. R., and Torchilin, V. P. (2012). Challenges in development of targeted liposomal therapeutics. AAPS J. 14, 303–315. doi:10.1208/s12248-012-9330-0
 Schmaljohann, D. (2006). Thermo- and pH-responsive polymers in drug delivery. Adv. Drug Deliv. Rev. 58, 1655–1670. doi:10.1016/j.addr.2006.09.020
 Senapati, S., Mahanta, A. K., Kumar, S., and Maiti, P. (2018). Controlled drug delivery vehicles for cancer treatment and their performance. Signal Transduct. Target. Ther. 3, 7. doi:10.1038/s41392-017-0004-3
 Seo, S. J., Lee, S. Y., Choi, S. J., and Kim, H. W. (2015). Tumor-targeting Co-delivery of drug and gene from temperature-triggered micelles. Macromol. Biosci. 15, 1198–1204. doi:10.1002/mabi.201500137
 Sershen, S., and West, J. (2002). Implantable, polymeric systems for modulated drug delivery. Adv. Drug Deliv. Rev. 54, 1225–1235. doi:10.1016/s0169-409x(02)00090-x
 Shen, Y., Li, X., Dong, D., Zhang, B., Xue, Y., and Shang, P. (2018). Transferrin receptor 1 in cancer: A new sight for cancer therapy. Am. J. Cancer Res. 8, 916–931.
 Shi, C., Guo, X., Qu, Q., Tang, Z., Wang, Y., and Zhou, S. (2014). Actively targeted delivery of anticancer drug to tumor cells by redox-responsive star-shaped micelles. Biomaterials 35, 8711–8722. doi:10.1016/j.biomaterials.2014.06.036
 Shi, J., Kantoff, P. W., Wooster, R., and Farokhzad, O. C. (2017). Cancer nanomedicine: Progress, challenges and opportunities. Nat. Rev. Cancer 17, 20–37. doi:10.1038/nrc.2016.108
 Shi, J., Votruba, A. R., Farokhzad, O. C., and Langer, R. (2010). Nanotechnology in drug delivery and tissue engineering: From discovery to applications. Nano Lett. 10, 3223–3230. doi:10.1021/nl102184c
 Shi, Z., Zhou, Y., Fan, T., Lin, Y., Zhang, H., and Mei, L. (2020). Inorganic nano-carriers based smart drug delivery systems for tumor therapy. Smart Mat. Med. 1, 32–47. doi:10.1016/j.smaim.2020.05.002
 Shirbin, S. J., Ladewig, K., Fu, Q., Klimak, M., Zhang, X., Duan, W., et al. (2015). Cisplatin-induced formation of biocompatible and biodegradable polypeptide-based vesicles for targeted anticancer drug delivery. Biomacromolecules 16, 2463–2474. doi:10.1021/acs.biomac.5b00692
 Singh, B., Lohan, S., Sandhu, P. S., Jain, A., and Mehta, S. K. (2016). Functionalized carbon nanotubes and their promising applications in therapeutics and diagnostics, Nanobiomaterials Med. Imaging , 38, 17768. Elsevier.
 Singh, S., Kumar, N. K., Dwiwedi, P., Charan, J., Kaur, R., Sidhu, P., et al. (2018). Monoclonal antibodies: A review. Curr. Clin. Pharmacol. 13, 85–99. doi:10.2174/1574884712666170809124728
 Sirisha, S. (2020). A review on delivery of anti-cancer drugs by smart nanocarriers: Data obtained from past one decade. Rese. Jour. Pharm. Dosag. Form. Technol. 12, 185–190. doi:10.5958/0975-4377.2020.00032.4
 Srinivasan, M., Rajabi, M., and Mousa, S. A. (2015). Multifunctional nanomaterials and their applications in drug delivery and cancer therapy. Nanomater. (Basel) 5, 1690–1703. doi:10.3390/nano5041690
 Srinivasarao, M., Galliford, C. V., and Low, P. S. (2015). Principles in the design of ligand-targeted cancer therapeutics and imaging agents. Nat. Rev. Drug Discov. 14, 203–219. doi:10.1038/nrd4519
 Srinivasarao, M., and Low, P. S. (2017). Ligand-targeted drug delivery. Chem. Rev. 117, 12133–12164. doi:10.1021/acs.chemrev.7b00013
 Subramanian, N., Raghunathan, V., Kanwar, J. R., Kanwar, R. K., Elchuri, S. V., Khetan, V., et al. (2012). Target-specific delivery of doxorubicin to retinoblastoma using epithelial cell adhesion molecule aptamer. Mol. Vis. 18, 2783–2795.
 Sun, Q., Bi, H., Wang, Z., Li, C., Wang, X., Xu, J., et al. (2019). Hyaluronic acid-targeted and pH-responsive drug delivery system based on metal-organic frameworks for efficient antitumor therapy. Biomaterials 223, 119473. doi:10.1016/j.biomaterials.2019.119473
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. Ca. A Cancer J. Clin. 71, 209–249. doi:10.3322/caac.21660
 Sur, S., Rathore, A., Dave, V., Reddy, K. R., Chouhan, R. S., and Sadhu, V. (2019). Recent developments in functionalized polymer nanoparticles for efficient drug delivery system. Nano-Structures Nano-Objects 20, 100397. doi:10.1016/j.nanoso.2019.100397
 Sutton, D., Nasongkla, N., Blanco, E., and Gao, J. (2007). Functionalized micellar systems for cancer targeted drug delivery. Pharm. Res. 24, 1029–1046. doi:10.1007/s11095-006-9223-y
 Sztandera, K., Gorzkiewicz, M., and Klajnert-Maculewicz, B. (2019). Gold nanoparticles in cancer treatment. Mol. Pharm. 16, 1–23. doi:10.1021/acs.molpharmaceut.8b00810
 Tang, H., Guo, Y., Peng, L., Fang, H., Wang, Z., Zheng, Y., et al. (2018). In vivo targeted, responsive, and synergistic cancer nanotheranostics by magnetic resonance, Imaging-guided Synerg. high-intensity Focus. ultrasound ablation Chemother. , 10, 15428–15441.
 Teleanu, R. I., Chircov, C., Grumezescu, A. M., and Teleanu, D. M. (2019). Tumor angiogenesis and anti-angiogenic strategies for cancer treatment. J. Clin. Med. 9, 84. doi:10.3390/jcm9010084
 Thiviyanathan, V., and Gorenstein, D. G. (2012). Aptamers and the next generation of diagnostic reagents. Prot. Clin. Appl. 6, 563–573. doi:10.1002/prca.201200042
 Tian, L., Lu, L., Qiao, Y., Ravi, S., Salatan, F., and Melancon, M. (2016). Stimuli-responsive gold nanoparticles for cancer diagnosis and therapy. J. Funct. Biomater. 7, 19. doi:10.3390/jfb7020019
 Tong, J. T. W., Harris, P. W. R., Brimble, M. A., and Kavianinia, I. (2021). An insight into FDA approved antibody-drug conjugates for cancer therapy. Molecules 26, 5847. doi:10.3390/molecules26195847
 Torchilin, V. (2012). Liposomes in drug delivery. Fundam. Appl. Control. Release drug Deliv. , 45. Springer. 
 Torchilin, V. P. (2010). Passive and active drug targeting: Drug delivery to tumors as an example. Handb. Exp. Pharmacol. , 3–53. doi:10.1007/978-3-642-00477-3_1
 Torres, M., Parets, S., Fernandez-Diaz, J., Beteta-Gobel, R., Rodriguez-Lorca, R., Roman, R., et al. (2021). Lipids in Pathophysiology and Development of the Membrane Lipid Therapy: New Bioactive Lipids, 11. Membr. (Basel).
 Tortorella, S., and Karagiannis, T. C. (2014). Transferrin receptor-mediated endocytosis: A useful target for cancer therapy. J. Membr. Biol. 247, 291–307. doi:10.1007/s00232-014-9637-0
 Trinh, T. L., Zhu, G., Xiao, X., Puszyk, W., Sefah, K., Wu, Q., et al. (2015). A synthetic aptamer-drug adduct for targeted liver cancer therapy. PLoS One 10, e0136673. doi:10.1371/journal.pone.0136673
 Ulbrich, K., Hola, K., Subr, V., Bakandritsos, A., Tucek, J., and Zboril, R. (2016). Targeted drug delivery with polymers and magnetic nanoparticles: Covalent and noncovalent approaches, release control, and clinical studies. Chem. Rev. 116, 5338–5431. doi:10.1021/acs.chemrev.5b00589
 Vallet-Regi, M., Rámila, A., Del Real, R., and Perez-Pariente, J. (2001). A new property of MCM-41: Drug delivery system. Chem. Mat. 13, 308–311. doi:10.1021/cm0011559
 Vines, J. B., Yoon, J. H., Ryu, N. E., Lim, D. J., and Park, H. (2019). Gold nanoparticles for photothermal cancer therapy. Front. Chem. 7, 167. doi:10.3389/fchem.2019.00167
 Vives, E., Schmidt, J., and Pelegrin, A. (2008). Cell-penetrating and cell-targeting peptides in drug delivery. Biochimica Biophysica Acta - Rev. Cancer 1786, 126–138. doi:10.1016/j.bbcan.2008.03.001
 Vlahov, I. R., Qi, L., Kleindl, P. J., Santhapuram, H. K., Felten, A., Parham, G. L., et al. (2017). Latent warheads for targeted cancer therapy: Design and synthesis of pro-pyrrolobenzodiazepines and conjugates. Bioconjug. Chem. 28, 2921–2931. doi:10.1021/acs.bioconjchem.7b00476
 Vlahov, I. R., Santhapuram, H. K. R., Kleindl, P. J., Howard, S. J., Stanford, K. M., and Leamon, C. P. (2006). Design and regioselective synthesis of a new generation of targeted chemotherapeutics. Part 1: EC145, a folic acid conjugate of desacetylvinblastine monohydrazide. Bioorg. Med. Chem. Lett. 16, 5093–5096. doi:10.1016/j.bmcl.2006.07.030
 Wang, H., Huang, Q., Chang, H., Xiao, J., and Cheng, Y. (2016). Stimuli-responsive dendrimers in drug delivery. Biomater. Sci. 4, 375–390. doi:10.1039/c5bm00532a
 Wang, J., and Jiao, Y. S. (2018). Mesoporous silica nanoparticles for dual-mode chemo-sonodynamic therapy by low-energy ultrasound. Materials 11, 2041. doi:10.3390/ma11102041
 Wang, K., Yao, H., Meng, Y., Wang, Y., Yan, X., and Huang, R. (2015). Specific aptamer-conjugated mesoporous silica–carbon nanoparticles for HER2-targeted chemo-photothermal combined therapy. Acta Biomater. 16, 196–205. doi:10.1016/j.actbio.2015.01.002
 Wang, T., and Petrenko, V. (2010). Paclitaxel-loaded polymeric micelles modified with MCF-7 cell-specific phage protein: Enhanced binding to target cancer cells and increased cytotoxicity. Mol. Pharm. 7, 1007–1014. doi:10.1021/mp1001125
 Wang, W., and Wang, J. D. (2020). Gold nanoparticle-conjugated nanomedicine: Design, construction, and structure-efficacy relationship studies. J. Mat. Chem. B 8, 4813–4830. doi:10.1039/c9tb02924a
 Wang, X., Li, S., Shi, Y., Chuan, X., Li, J., Zhong, T., et al. (2014). The development of site-specific drug delivery nanocarriers based on receptor mediation. J. Control. Release 193, 139–153. doi:10.1016/j.jconrel.2014.05.028
 Wang, Z., He, Q., Zhao, W., Luo, J., and Gao, W. (2017). Tumor-homing, pH-and ultrasound-responsive polypeptide-doxorubicin nanoconjugates overcome doxorubicin resistance in cancer therapy. J. Control. Release 264, 66–75. doi:10.1016/j.jconrel.2017.08.017
 Wen, J., Tao, W., Hao, S., Iyer, S. P., and Zu, Y. (2016). A unique aptamer-drug conjugate for targeted therapy of multiple myeloma. Leukemia 30, 987–991. doi:10.1038/leu.2015.216
 Wen, R., Umeano, A. C., Chen, P., and Farooqi, A. A. (2018). Polymer-based drug delivery systems for cancer. Crit. Rev. Ther. Drug Carr. Syst. 35, 521–553. doi:10.1615/critrevtherdrugcarriersyst.2018021124
 Wicki, A., Witzigmann, D., Balasubramanian, V., and Huwyler, J. (2015). Nanomedicine in cancer therapy: Challenges, opportunities, and clinical applications. J. Control. Release 200, 138–157. doi:10.1016/j.jconrel.2014.12.030
 Wu, G., Fang, Y. Z., Yang, S., Lupton, J. R., and Turner, N. D. (2004). Glutathione metabolism and its implications for health. J. Nutr. 134, 489–492. doi:10.1093/jn/134.3.489
 Wu, H. Q., and Wang, C. C. (2016). Biodegradable smart nanogels: A new platform for targeting drug delivery and biomedical diagnostics. Langmuir 32, 6211–6225. doi:10.1021/acs.langmuir.6b00842
 Xin, X., Teng, C., Du, X., Lv, Y., Xiao, Q., Wu, Y., et al. (2018). Drug-delivering-drug platform-mediated potent protein therapeutics via a non-endo-lysosomal route. Theranostics 8, 3474–3489. doi:10.7150/thno.23804
 Xing, Q., Li, N., Chen, D., Sha, W., Jiao, Y., Qi, X., et al. (2014). Light-responsive amphiphilic copolymer coated nanoparticles as nanocarriers and real-time monitors for controlled drug release. J. Mat. Chem. B 2, 1182–1189. doi:10.1039/c3tb21269f
 Xing, Q., Li, N., Jiao, Y., Chen, D., Xu, J., Xu, Q., et al. (2015). Near-infrared light-controlled drug release and cancer therapy with polymer-caged upconversion nanoparticles. RSC Adv. 5, 5269–5276. doi:10.1039/c4ra12678e
 Xu, H., and Li, Z. S. (2014). Nanocarriers in gene therapy: A review. J. Biomed. Nanotechnol. 10, 3483–3507. doi:10.1166/jbn.2014.2044
 Xu, J., Shao, X., Wei, Y., Xu, F., and Wang, H. (2017a). iTRAQ proteomic analysis reveals that metabolic pathways involving energy metabolism are affected by tea tree oil in botrytis cinerea. Front. Microbiol. 8, 1989. doi:10.3389/fmicb.2017.01989
 Xu, W., Qian, J., Hou, G., Suo, A., Wang, Y., Wang, J., et al. (2017b). Hyaluronic acid-functionalized gold nanorods with pH/NIR dual-responsive drug release for synergetic targeted photothermal chemotherapy of breast cancer. ACS Appl. Mat. Interfaces 9, 36533–36547. doi:10.1021/acsami.7b08700
 Xu, Y., Jin, X., Zhang, J., Wang, K., Jin, X., Xu, D., et al. (2020). Antitumor activity of a novel double-targeted system for folate receptor-mediated delivery of mitomycin C. ACS Omega 5, 26864–26870. doi:10.1021/acsomega.0c04042
 Xue, Y., Bai, H., Peng, B., Fang, B., Baell, J., Li, L., et al. (2021). Stimulus-cleavable chemistry in the field of controlled drug delivery. Chem. Soc. Rev. 50, 4872–4931. doi:10.1039/d0cs01061h
 Yan, F., Li, L., Deng, Z., Jin, Q., Chen, J., Yang, W., et al. (2013). Paclitaxel-liposome–microbubble complexes as ultrasound-triggered therapeutic drug delivery carriers. J. Control. Release 166, 246–255. doi:10.1016/j.jconrel.2012.12.025
 Yan, H., Teh, C., Sreejith, S., Zhu, L., Kwok, A., Fang, W., et al. (2012). Functional mesoporous silica nanoparticles for photothermal-controlled drug delivery in vivo. Angew. Chem. Int. Ed. 51, 8373–8377. doi:10.1002/anie.201203993
 Yang, Y., Wan, J., Niu, Y., Gu, Z., Zhang, J., Yu, M., et al. (2016). Structure-dependent and glutathione-responsive biodegradable dendritic mesoporous organosilica nanoparticles for safe protein delivery. Chem. Mat. 28, 9008–9016. doi:10.1021/acs.chemmater.6b03896
 Yao, C., Zhang, L., Wang, J., He, Y., Xin, J., Wang, S., et al. (2016). Gold nanoparticle mediated phototherapy for cancer, Cancer , 28, 895. 
 Yin, S., Huai, J., Chen, X., Yang, Y., Zhang, X., Gan, Y., et al. (2015). Intracellular delivery and antitumor effects of a redox-responsive polymeric paclitaxel conjugate based on hyaluronic acid. Acta Biomater. 26, 274–285. doi:10.1016/j.actbio.2015.08.029
 Yingchoncharoen, P, Kalinowsk, D., and Richardson, D. R. (2016). Lipid-based drug delivery systems in cancer therapy: What is available and what is yet to come. Pharmacol. Rev. 68, 701–787. doi:10.1124/pr.115.012070
 Zhang, C., Pan, D., Li, J., Hu, J., Bains, A., Guys, N., et al. (2017). Enzyme-responsive peptide dendrimer-gemcitabine conjugate as a controlled-release drug delivery vehicle with enhanced antitumor efficacy. Acta Biomater. 55, 153–162. doi:10.1016/j.actbio.2017.02.047
 Zhang, H., Fan, T., Chen, W., Li, Y., and Wang, B. (2020). Recent advances of two-dimensional materials in smart drug delivery nano-systems. Bioact. Mat. 5, 1071–1086. doi:10.1016/j.bioactmat.2020.06.012
 Zhang, J., Song, L., Zhou, S., Hu, M., Jiao, Y., Teng, Y., et al. (2019). Enhanced ultrasound imaging and anti-tumor in vivo properties of Span–polyethylene glycol with folic acid–carbon nanotube–paclitaxel multifunctional microbubbles. RSC Adv. 9, 35345–35355. doi:10.1039/c9ra06437k
 Zhang, M., Zhu, J., Zheng, Y., Guo, R., Wang, S., Mignani, S., et al. (2018). Doxorubicin-conjugated PAMAM dendrimers for pH-responsive drug release and folic acid-targeted cancer therapy. Pharmaceutics 10, 162. doi:10.3390/pharmaceutics10030162
 Zhang, W., Wang, F., Wang, Y., Wang, J., Yu, Y., Guo, S., et al. (2016). pH and near-infrared light dual-stimuli responsive drug delivery using DNA-conjugated gold nanorods for effective treatment of multidrug resistant cancer cells. J. Control. Release 232, 9–19. doi:10.1016/j.jconrel.2016.04.001
 Zhang, Y., Wang, H., Mukerabigwi, J. F., Liu, M., Luo, S., Lei, S., et al. (2015). Self-organized nanoparticle drug delivery systems from a folate-targeted dextran–doxorubicin conjugate loaded with doxorubicin against multidrug resistance. RSC Adv. 5, 71164–71173. doi:10.1039/c5ra10341j
 Zhao, M. X. Z. (2016). The research and applications of quantum dots as nano-carriers for targeted drug delivery and cancer therapy. Nanoscale Res. Lett. 11, 207. doi:10.1186/s11671-016-1394-9
 Zhao, N., Pei, S. N., Qi, J., Zeng, Z., Iyer, S. P., Lin, P., et al. (2015). Oligonucleotide aptamer-drug conjugates for targeted therapy of acute myeloid leukemia. Biomaterials 67, 42–51. doi:10.1016/j.biomaterials.2015.07.025
 Zhou, Y., Chen, R., Yang, H., Bao, C., Fan, J., Wang, C., et al. (2020). Light-responsive polymersomes with a charge-switch for targeted drug delivery. J. Mat. Chem. B 8, 727–735. doi:10.1039/c9tb02411e
 Zhu, L., Kate, P., and Torchilin, V. P. (2012). Matrix metalloprotease 2-responsive multifunctional liposomal nanocarrier for enhanced tumor targeting. ACS Nano 6, 3491–3498. doi:10.1021/nn300524f
 Zhuang, C., Guan, X., Ma, H., Cong, H., Zhang, W., and Miao, Z. (2019). Small molecule-drug conjugates: A novel strategy for cancer-targeted treatment. Eur. J. Med. Chem. 163, 883–895. doi:10.1016/j.ejmech.2018.12.035
 Zhuang, Y., Deng, H., Su, Y., He, L., Wang, R., Tong, G., et al. (2016). Aptamer-functionalized and backbone redox-responsive hyperbranched polymer for targeted drug delivery in cancer therapy. Biomacromolecules 17, 2050–2062. doi:10.1021/acs.biomac.6b00262
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.
Copyright © 2023 Rana, Adhikary, Singh, Das and Bhatnagar. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		MINI REVIEW
published: 09 January 2023
doi: 10.3389/fchem.2022.1106791


[image: image2]
Chemiluminescent polymeric nanoprobes for tumor diagnosis: A mini review
Xiaoyan Zhang1,2*, Cong Li1,2, Wenjuan Chen1,2, Guanhua Wang1,2, Huiru Zou1,2 and Hao Liu1,2*
1Central Laboratory, Tianjin Stomatological Hospital, School of Medicine, Nankai University, Tianjin, China
2Tianjin Key Laboratory of Oral and Maxillofacial Function Reconstruction, Tianjin, China
Edited by:
Bo Shen, Northwestern University, United States
Reviewed by:
Yuerou Zhang, Brown University, United States
Jiahong Shen, Northwestern University, United States
Jing Cao, Hunan Institute of Science and Technology, China
* Correspondence: Xiaoyan Zhang, xiaoyanzhang1992@126.com; Hao Liu, kqlh2013@163.com
Specialty section: This article was submitted to Nanoscience, a section of the journal Frontiers in Chemistry
Received: 24 November 2022
Accepted: 28 December 2022
Published: 09 January 2023
Citation: Zhang X, Li C, Chen W, Wang G, Zou H and Liu H (2023) Chemiluminescent polymeric nanoprobes for tumor diagnosis: A mini review. Front. Chem. 10:1106791. doi: 10.3389/fchem.2022.1106791

Chemiluminescence (CL), a distinct luminescent process by taking advantage of chemical reactions rather than external light source, has recently attracted considerable research interests due to its high sensitivity and low background signal. The sensitivity and specificity of chemiluminescent signals in complex tumor microenvironment provide a sound basis for accurate detection of tumors. Various chemiluminescent nanoprobes with superior performance have been obtained by structural modification of chemiluminescent units or introduction of fluorescent dyes. In this review, we focused on the recent progress of chemiluminescent polymeric systems based on various chromophore substrates, including luminol, peroxyoxalates, 1, 2-dioxetanes and their derivatives for tumor detecting. And we also emphasized the design strategies, mechanisms and diagnostic applications of representative chemiluminescent polymeric nanoprobes. Finally, the critical challenges and perspectives of chemiluminescent systems usage in tumor diagnosis were also discussed.
Keywords: chemiluminescence, tumor diagnosis, luminol, peroxyoxalates, 1,2-dioxetanes
INTRODUCTION
Optical imaging plays a vital role in early diagnosis and treatment of diseases. It not only visualizes the detection of lesion sites, but also improves the accuracy of disease treatment (Thomas, 2015). However, due to tissue self-illumination, low tissue penetration depth and less noise interference, conventional optical imaging limits its application in living organisms (Li and Pu, 2019). Chemiluminescence refers to the process in which luminescence is generated through chemical reactions without external light source or other energy. In brief, chemical substances are oxidized into unstable high-energy intermediates, which subsequently disintegrate to emit light or transfer energy to surrounding fluorophores (Vacher et al., 2018). Chemiluminescence possesses the advantages of high sensitivity, deep tissue penetration depth, without external light source required, and high signal-to-background ratio, which provides new methods and ideas for the further development of optical imaging technology (Gnaim et al., 2018).
Chemiluminescence can be classified into two types, namely direct chemiluminescence and indirect chemiluminescence according to the energy conversion principle of luminescence (Yan et al., 2019). Direct chemiluminescence refers to the oxidation of a chemiluminescent substrate to form an excited-state intermediate with high energy, which then returns to the ground state to release photons, followed by the emission of light. The most representative is the luminol chemiluminescent system (Li et al., 2022). Indirect chemiluminescence generally involes chemiluminescence resonance energy transfer (CRET) process. 1, 2-dioxetane derivatives or peroxyoxalates are widely used as typical indirect CL systems for biomedical assays (Su et al., 2019; Tzani et al., 2021).
Despite the rapid development of chemiluminescence, the application of chemiluminescent substrate in biomedical fields is still limited compared to fluorescence due to its hydrophobicity, weak signal, and fast decay (Miao and Pu, 2018). To overcome these shortcomings, chemiluminescence systems combined with nanotechnology or different modifications have emerged and aroused the wide interest (Tiwari and Dhoble, 2018). In recent years, polymeric nanoparticles have attracted extensive attention due to their high brightness and high quantum yield, as well as their low toxicity, good biocompatibility and various synthesis methods (Kaeser and Schenning, 2010). This review aims to sum up recent advances in chemiluminescent polymeric nanoprobes based on three chromophore substrates, including luminol, peroxyoxalates, and 1, 2-dioxetanes. Moreover, the design strategies and luminescence mechanisms of different chemiluminescent polymeric nanoprobes are discussed, and their applications in tumor diagnosis are further elaborated.
Luminol-based chemiluminescent polymeric nanoprobes
Luminol (5-amino-2, 3-dihydrophthalazine-1, 4-dione) and its derivatives are currently the most classical chemiluminescent reagents. In 1928, Albrecht (1928) discovered that luminol could emit CL when reacting with oxidizing agents such as hydrogen peroxide (H2O2) in alkaline media. Despite its low detection limit and good selectivity, the luminol chemiluminescent probe still suffers from a short emission wavelength (∼425 nm) and limited tissue penetration depth, hindering the application of this system in bioimaging in vivo (Zhang et al., 2013). The chemiluminescent properties of luminol itself are susceptible to external factors, therefore, nanomaterials with different catalytic properties are often used to modulate the performance of this chemiluminescent system. Graphene oxide was utilized to amplify the CL signal of luminol (Yang et al., 2014). Huang et al. (2006) demonstrated effective CRET between luminol and CdTe quantum dots and the red shift of the luminescence wavelength to the quantum dots in the luminol/H2O2 CL system. In addition, the researchers obtained luminol-based chemiluminescenct polymeric systems with improved properties by modifying luminol or linking it with different fluorescent dyes.
Reactive oxygen species are critical for cancer development, progression, and metastasis, thus early detection of ROS within cancer cells is crucial for the monitoring and management of cancers. Abnormal superabundant generation of H2O2, a major ROS, has been closely associated with cancer development (Trachootham et al., 2009). An et al. (2020) utilized luminol and poly (ethylene glycol) to simultaneously couple chlorin e6 to form an amphiphilic conjugate (defined as CLP), followed by the self-assembly of CLP to form luminescent nanoparticles. These nanoparticles with core-shell nanostructures could be activated by H2O2, leading to CL imaging and in situ photodynamic therapy (PDT) of tumors with high expression of H2O2, shown in Figures 1A, B. Nan et al. (2019) designed a polycarbonate copolymer (PMPC-ONA) micelle decorated with benzyl alcohol and then luminol, fluorophore and heme were encapsulated into the micelle to form the L/H/S@PMPC-ONA nanoprobe for H2O2 imaging in vivo. Once H2O2 encountered the heme in the nanoparticles, ROS were generated, and then luminol would be excited to trigger chemiluminescence, while the stability of the nanoparticles decreases, thus releasing the fluorescent indicator to detect H2O2. Chemiluminescence exhibits the potential for ROS detection since no excitation light source needs to be involved and the relationship between light emission and analyte concentration is explicit. Lee et al. (2016) designed hydrogen peroxide responsive hybrid nanoparticles (HNPs) consisting of the PEGylated QDs and a luminol derivative (L012) as the CL agent. The energy transduction owning to the reaction between L012 and H2O2 enabled HNPs to achieve light production. Furthermore, as a promising diagnostic agent for cancer, HNPs displayed non-invasive near-infrared (NIR) imaging of H2O2 in vivo without background interference. Endogenous photoactivation is also of great importance for the diagnosis and treatment of tumors. Mao et al. (2021) constructed two gold nanoparticles (tAuNP and makuNP) by modifying 2, 5-diphenyltetrazole and methacrylic acid on the surface of gold nanoparticles for tumor imaging and therapy. The mAuNPs were absorbed with luminol to form self-illuminating mAuNP/Lu nanoparticles. Owning to the tetrazole/alkene cycloaddition, H2O2-initiated mAuNP/Lu nanoparticles could specifically crosslink with tAuNP nanoparticles to generate large particle aggregates. Subsequently, these aggregates contributed to strong CL effect catalyzed by H2O2 in tumor microenvironment, leading to strengthened uptake and retention of AuNPs.
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of CL imaging of tumors with high H2O2 and H2O2-mediated photodynamic therapy using CLP nanoparticles. (B) Time-dependent in vivo CL imaging of healthy mice and 4T1 tumor-bearing mice after local injection of CLP nanoparticles (An et al., 2020).
The specific identification of tumor markers in the blood and tissues of cancer patients is significant for early cancer diagnosis (Freedland, 2011). Yan et al. (2022) constructed a dual-carrier CL sensor that recognized tumor markers through an enzyme digestion CL signal amplification strategy. This sensor underwent aggregation and identified target markers, and then strong CL signals were collected under luminol catalysis reaction. Zhang et al. (2016) designed a novel signal enhancement strategy in which CRET occurred between reduced graphene oxide (rGO) as an energy acceptor and luminol as a donor. And the probe provided a more sensitive signal amplification strategy. Additionally, Ag-C3N4 nanosheet loaded with luminol capped AuNPs nanocomposite was developed as the electrochemiluminescence (ECL) signal nanoprobe for early tumor diagnosis (Liu et al., 2021). The CL signal could be obviously enhanced by cells in luminol-H2O2 system, and the signal intensity and the cell concentration were positively correlated. Based on the above phenomena, Ding et al. (2020) designed a new cell-assisted enhanced CL strategy to identify tumor cells rapidly. The above probes provided highly accurate and quantitative analysis of tumor markers in complex biological samples, showing great potential for clinical application.
Peroxyoxalate-based chemiluminescent polymeric nanoprobes
The reaction of anthracene, 9, 10-diphenylanthracene and N-methylacridine with hydrogen peroxide and oxalyl chloride can produce a “blue-white light,” which is known as peroxyoxalate chemiluminescence (PO-CL), firstly discovered by Chandross (1963). PO-CL modulates the emission wavelength by adding different fluorophores to the reaction system, rather than modifying the CL molecule. PO-CL systems belong to indirect chemiluminescence, generally consists of oxalate, oxidant (usually hydrogen peroxide) and suitable dye. The formation of high-energy 1, 2-dioxadione intermediates is a key step leading to chemiluminescence emission (Delafresnaye et al., 2020). The three most commonly used oxalate eaters are TCPO (bis (2, 4, 6-trichlorophenyl) oxalate), CPPO (bis (2, 4, 5-trichlorophenyl-6-carbopentoxyphenyl) oxalate) and DNPO (bis (2, 4-dinitrophenyl) oxalate) (Lee et al., 2012). The detection of H2O2 in water, microorganisms in food, and blood samples in crime scenes all rely on the PO-CL reaction (García and Baeyens, 2000). Thanks to its high sensitivity, high quantum yield and long luminescence lifetime, peroxyoxalate-based chemiluminescence systems have been widely used in bioimaging and tumor therapy (Yang and Zhang, 2021).
PO-CL systems are usually designed as nanoparticles for in vivo bioimaging because of their susceptibility to decomposition when exposed to water. Shuhendler et al. (2014) developed a nanoparticle based on a dual-channel imaging function for imaging liver injury in mice, i.e., CRET-based peroxyoxalate chemiluminescence for H2O2 detection and fluorescence resonance energy transfer (FRET)-based fluorescence for ONOO− and hypochlorite detection. The probe allowed for rapid and real-time direct assessment of acute hepatotoxicity. Zhen et al. (2016) constructed a H2O2-responsive chemiluminescent semiconducting polymer nanoparticle (SPN) using TCPO and applied it to the detection of endogenous H2O2 in peritonitis and neuroinflammation. With high brightness and proper near-infrared window, the SPN achieved ultrasensitive detection of H2O2. A PO-CL system based on CPPO with cascaded CRET and FRET processes was designed to permit near-infrared region II (NIR-II) chemiluminescence imaging in arthritic mice (Yang et al., 2020). The strategy avoided the loss of energy transfer as much as possible through the rational design of the probe.
Chemiluminescent polymeric nanoprobes that react with H2O2 within the tumor microenvironment may achieve accurate imaging of tumors. Yu et al. (2022) combined pluronic F-127 and polymer containing oxalate ester (POE) to form nanoparticles by means of hydrophilicity and hydrophobicity. The nanoparticles loaded anti-tumor drug could realize the tumor tracking by H2O2-related chemiluminescence and the tumor therapy by drug releasing, which possessed great potential for precise localization and efficient treatment of tumor. In addition, since tumor cells consume more glucose than normal tissues, the glucose level of tumor tissues ware also utilized to enable tumor detection and imaging (Li et al., 2019).
Apart from disease diagnosis related to hydrogen peroxide overproduction, the CL platform can be used to perform PDT, avoiding the limitations of external light sources and light penetration depth (Yuan et al., 2012). Excessive hydrogen peroxide is an intrinsic feature of tumor cells. Andrey et al. took advantage of this feature to designed and synthesised a dispersion composed of polyoxalate and tetramethylhematoporphyrin (TMHP). In the presence of TMHP, singlet oxygen (1O2) formation by reaction with endogenous H2O2 through PO-CL leaded to tumor cell elimination (Romanyuk et al., 2017). Wu et al. (2019) came up with a self-luminescing nanoreactor by coencapsulating CPPO, poly [(9,9′-dioctyl-2,7-divinylene-fluorenylene)-alt-2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene] (PFPV), and the photosensitizer tetraphenylporphyrin with polyethylene glycol-polycaprolactone (PEG-PCL) and folate-PEG-cholesterol. This novel system could achieve self-luminescence emission and singlet oxygen (1O2) production, which had important implications for imaging and treatment of cancer. Most conventional photosensitizers usually suffer from aggregation-caused quenching (ACQ) effects, resulting in reduced luminescence intensity and ROS generation (Li et al., 2021). The emergence of aggregation-induced emission luminogens (AIEgens) exhibiting enhanced fluorescence intensity and ROS production largely solves the above problems. Mao et al. developed a novel nanoparticle (C-TBD NPs) with chemiexcited far-red/NIR emission and 1O2 production capability using pluronic F127 and soybean oil co-loaded with CPPO and TBD, a photosensitizer with AIE properties. C-TBD NPs could emit chemiluminescence in response to hydrogen peroxide at the tumor site, thus enabling precise tumor tracking in vivo. In addition, C-TBD NPs also produced effective 1O2 to induce apoptosis of tumor cells (Mao et al., 2017).
Chemodynamic therapy (CDT), a new class of oncology therapeutic techniques based on the iron-based Fenton reaction, offers an alternative opportunity for cancer treatment (Yang et al., 2019). In order to enhance therapeutic efficiency and minimize side effects, the real-time monitoring of ROS production during CDT is extremely essential. However, CDT reagents that can emit ROS-associated signals are rare. Wang et al. (2019) constructed a semiconducting polymer nanoplatform containing CPPO, hemin and glucose oxidase (GOD). This ROS-dependent chemiluminescence of SPN allowed optical monitoring of intra-tumor ROS production during CDT. This nanoplatform represented the first intelligent strategy to enable chemiluminescence imaging for monitoring CDT, demonstrating great potential in assessing treatment responsiveness and predicting early treatment outcomes.
1, 2-dioxetane-based chemiluminescent polymeric nanoprobes
Chemiluminescent systems based on luminol and peroxyoxalates require the involvement of oxidants, making them often used for the detection of active species, which limits their scope of application. 1, 2-dioxetanes do not require the involvement of additional oxidants (hydrogen peroxide, oxygen, potassium permanganate, etc.), which simplifies the analytical process, improves detection sensitivity, and expands the field of chemiluminescence applications (Kopecky and Mumford, 1969; Schaap et al., 1989). Schaap’s group found that the deprotonation of the phenolic hydroxyl substituent could transform 1, 2-dioxetane into a superior luminescent intermediate in 1982 (Schaap and Gagnon, 1982). Subsequently, Schaap’s group further improved the thermal stability of 1, 2-dioxetane derivatives by introducing adamantane substituents (Schaap et al., 1987). However, previous 1, 2-dioxetane CL systems had a great tendency to be quenched by water, resulting in short emission wavelength and low luminescence intensity, which made it difficult to be applied in vivo.
To enhance the chemiluminescence intensity, the researchers have made numerous attempts, i.e., simple or complex modifications of the dioxetane scaffold: 1) the processing of dioxetane units into polymer monomers (Gnaim and Shabat, 2017). 2) the covalent binding of fluorescent dyes with higher fluorescence efficiency to Schaap’s 1, 2 dioxetanes (Matsumoto, 2004; Hananya et al., 2016). 3) the introduction of electron-withdrawing groups in the neighboring positions of phenoxy 1, 2-dioxetane (Eilon et al., 2018). Based on the above basic research, the researchers designed and constructed various chemiluminescent polymeric systems based on 1, 2-dioxetanes, which showed excellent performance in cancer detection.
Afterglow luminescence is a process of persistent luminescence after the cessation of light excitation, and afterglow imaging holds great promise in the biomedical fields. Ni et al. constructed a NIR afterglow luminescent nanoparticle (AGL AIE dots) with AIE characteristics by encapsulating the NIR emissive AIE molecule (TPE-Ph-DCM) and the enol ether precursor of Schaap’s 1, 2-dioxetane with Lipid-PEG2000 through nanoprecipitation. The AGL AIE dots finally emitted NIR afterglow luminescence through the generation of 1O2 by TPE-Ph-DCM, the formation and decomposition of dioxetane, the release of chemical energy, and the energy transfer to TPE-Ph-DCM, which lasted for more than 10 days after single light excitation through self-cycling luminescence mechanism. The afterglow luminescent signal of AGL AIE dots was extremely quenched in the liver, therefore, AGL AIE dots had great prospects in the application of accurate image-guided tumor surgery, shown in Figure 2A (Ni et al., 2018). Immunotherapy, an emerging cancer treatment in recent years, offers new treatment options for cancer patients, yet the response rate of patients in clinical applications has not been significant (Sambi et al., 2019). In order to improve the efficacy of immunotherapy, monitoring the immune responses of patients is inevitable. Cui et al. (2020) constructed semiconducting polymeric nanoreporters (SPNRs) by means of combining the semiconducting polymer and the dioxetane derivative. As the first reporter that could release chemiluminescent signals activated by superoxide anions, SPNRs could sensitively distinguish immune cells containing high O2-levels from other cells including cancer cells and normal cells, enabling real-time imaging of immune activation during cancer immunotherapy in vivo. The aforementioned PDT is a promising strategy for cancer therapy. Fan et al. (2021) designed nanoparticles that specifically respond to alkaline phosphatase overexpressed on hepatocellular carcinoma cells, ultimately producing 1O2 and NIR fluorescence for tumor diagnosis and treatment.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of the mechanism for NIR afterglow of the AGL AIE Dot (Ni et al., 2018). (B) Schematic diagram of the mechanism for intraparticle afterglow luminescence of ALNPs (Jiang et al., 2019). (C) Proposed mechanism for persistent luminescence of pheophorbide A (Duan et al., 2022).
In addition to the direct addition of dioxetane units, some chemiluminescence systems can also emit chemiluminescence by forming unstable dioxetane intermediates in response to the tumor microenvironment. Miao et al. (2017) applied PEG-b-PPG-b-PEG coated poly (2methoxy-5-(2-ethylhexyloxy)-1, 4-phenylenevinylene) (MEHPPV) to prepare SPNs to amplify and redshift the afterglow effectively. Under the oxidation of PPV, SPNs generated unstable dioxolane intermediates, which slowly degraded into PPV aldehyde and emitted afterglow. This strategy could be applied to the detection of lymph nodes and tumors in living mice. Jiang et al. (2019) demonstrated an excellent method for converting ordinary fluorescent agents into afterglow luminescent nanoparticles (ALNPs) by forming unstable 1, 2-dioxetanes intermediates in order to detect tumors in vivo rapidly. This method consisted of the following steps: the photosensitizer absorbed light and converted it into 1O2, then the reactive molecule reacted with 1O2 to generate unstable 1, 2-dioxetane, and event ually the luminescence emitted by receiving the energy from 1, 2-dioxetane through semiconducting polymer, shown in Figure 2B. Lu et al. (2020) developed a novel chemiluminescent polymeric system (ultrathin MnOx-SPNs) with both CDT and pH responsiveness. The 1O2 produced by MnOx in response to the acidic tumor microenvironment reacted with SP, followed by forming thiophene-dioxetane intermediates and transferring energy to SPNs, leading to real-time monitoring of 1O2 generation and ratiometric CL/FL imaging for guiding cancer therapy. Duan et al. (2022) demonstrated persistent luminescence was detected from porphyrins after stopping the excitation light or reacting with peroxynitrite, verifying the successive oxidation of vinylene bonds may form unstable dioxetane intermediates. Such supramolecular probes could realize the light-triggered function conversion from photoacoustic imaging to persistent luminescence imaging, resulting in the successful implementation of image-guided tumor surgery, shown in Figure 2C. The mechanisms, advantages and disadvantages of the three chemiluminescent substrates were shown in Table 1.
TABLE 1 | Overview of three chemiluminescent substrates.
[image: Table 1]DISCUSSION
This article briefly reviewed recent developments of chemiluminescent polymeric nanosystems based on the chemiluminescence substrates including luminol, peroxyoxalates and 1, 2-dioxetanes. Moreover, luminescence mechanisms, design strategies and applications in biosensing and tumor diagnosis of chemiluminescent polymeric nanosystems were described in detail. An increasing number of studies have been performed to modify these three chemiluminescent substrates by direct or indirect means to improve luminescence efficiency and intensity for highly sensitive and precise quantitative analysis of solid tumors and even tumor markers. However, despite the remarkable progress in a wide range of fields, there still exist some problems that need to be solved and broken through: 1) Chemiluminescent systems based on 1, 2-dioxetanes have limited their biological applications due to their complex synthetic routes and short emission wavelengths. 2) Similar to water-soluble and lipid-soluble fluorescent dyes, the released dye tends to diffuse from the reaction site when a chemiluminescent probe is activated, making it more difficult to provide in situ information for imaging. The introduction of a second near-infrared (NIR-II) window (1,000–1,700 nm) into chemiluminescence imaging can achieve deeper penetration depths and higher signal-to-noise ratios, which is certainly helpful to solve the above issues. In addition, finding more stable fluorophores with higher antioxidant capacity and increasing the fluorescence quantum yield of fluorophores can maintain good efficiency of chemiluminescence, and the choice of enzymes-initiated chemiluminescence systems to avoid ROS/RNS oxidation is also an effective means. Over the past few years, chemiluminescent polymeric nanoprobes have developed significantly as imaging analytical tools for tumor diagnosis. In addition to tumor tissue imaging, the chemical flexibility of chemiluminescent polymeric nanoprobes holds great promise for their application in multifunctional therapeutic platforms.
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In recent years, organic fluorescent probes with tumor microenvironment (TME)-responsive fluorescence turn-on properties have been increasingly used in imaging-guided tumor resection due to their higher signal-to-noise ratio for tumor imaging compared to non-responsive fluorescent probes. However, although researchers have developed many organic fluorescent nanoprobes responsive to pH, GSH, and other TME, few probes that respond to high levels of reactive oxygen species (ROS) in the TME have been reported in imaging-guided surgery applications. In this work, we prepared Amplex® Red (ADHP) with excellent ROS response performance as an ROS-responsive nanoprobe and studied its application in image-guided tumor resection for the first time. To confirm whether the nanoprobe can be used as an effective biological indicator to distinguish tumor sites, we first detected 4T1 cells with the ADHP nanoprobe, demonstrating that the probe can utilize ROS in tumor cells for responsive real-time imaging. Furthermore, we conducted fluorescence imaging in vivo in 4T1 tumor-bearing mice, and the ADHP probe can rapidly oxidize to form resorufin in response to ROS, which can effectively reduce the background fluorescence signal compared with the single resorufin probe. Finally, we successfully carried out image-guided surgery of 4T1 abdominal tumors under the guidance of fluorescence signals. This work provides a new idea for developing more TME-responsive fluorescent probes and exploring their application in image-guided surgery.
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1 INTRODUCTION
Breast cancer is the prevalent malignancy in women worldwide, and in 2020 with an estimated 2.3 million new patients and 685,000 mortality cases (Sung et al., 2021), accounting for 30% of new female tumors in 2021 (Siegel et al., 2021). It is a serious threat to women’s health and an important cause of female death. The preferred treatment for breast cancer is surgical excision combined with radiotherapy and chemotherapy (Ma et al., 2020b). The surgical outcome and patient prognosis depend largely on the complete resection rate of the tumor. Postoperative tumor residue was associated with poor prognosis, high recurrence rate, and low survival rate. The higher the tumor resection rate is, the longer the overall survival of patients (Kimbrough et al., 2013; McCann et al., 2013; Tummala et al., 2013). At present, the extent of surgical resection still relies heavily on the surgeon’s experience. However, the visual and tactile distinction between tumor and healthy tissue is not effective, making it difficult to determine the surgical margins and leaving tiny lesions that can lead to recurrence and spread after surgery, while the quality of life of patients is seriously affected if the extent of surgical excision is excessively extended. Therefore, the key to the success of surgery is how to accurately locate and image tumors and their microscopic lesions intraoperatively and how to maximize the removal of tumors while protecting healthy tissues as much as possible. Recently, molecular imaging techniques has rapidly advancing in the field of bioimaging due to its advantages of great sensitivity, speedy and immediate imaging, biological safety, ease of detection and low cost, etc. Fluorescence imaging-guided surgery brings hope to solving the abovementioned challenges (Antaris et al., 2016; Zheng et al., 2017; Qi et al., 2018).
Molecular imaging techniques allows non-invasive real-time tumor diagnosis and imaging-guided surgery, assisting surgeons in detecting and resecting tiny tumors sensitively and accurately, significantly improving the therapeutic outcome of tumor surgery. Fluorescent probes could improve the signal-to-background ratio (SBR) by increasing the target signal or decreasing the background signal intensity to enhance the imaging sensitivity and specificity (Owens et al., 2016). Fluorescent probes can generally be divided into two categories: “Always ON” probes and “Turn ON” probes (responsive probes) (Lou et al., 2015; Liu et al., 2017; Jiao et al., 2018; Li and Pu, 2019; Zhang et al., 2019; Xu et al., 2022). “Always ON” probes emit fluorescence continuously under all conditions (whether they reach the target), which increases the background signal and reduces the SBR. In contrast, “Turn ON” probes change the fluorescence signal from “off” to “on” in response to the target (e.g., pH, ROS, or bioenzyme), maximizing the target signal while minimizing the background signal, thus maximizing the SBR, improving the sensitivity and resolution of biosensing (Tang et al., 2019).
Among them, organic fluorescent probes with the tumor microenvironment (TME)-responsive fluorescence-on properties have attracted our interest. The breast TME is a complex ecological environment. In addition to hypoxia, acidosis, elevated levels of lactic acid and adenosine (Cassim and Pouyssegur, 2020), and reactive oxygen species (ROS) levels are much higher than those in normal tissues (Xu et al., 2017; Ma et al., 2020a; Malla et al., 2021; Zhang et al., 2021). Although many organic fluorescent nanoprobes, such as pondus hydrogenii (pH), glutathione (GSH), and other TME responses, have been developed by researchers and applied to imaging-guided surgery, fluorescence probes that respond to high levels of ROS in the TME have rarely been reported. We hypothesized that high levels of ROS in the TME could be used as a bioindicator to identify solid tumors and thus use ROS-responsive fluorescent probes to accurately identify tumor tissue and perform image-guided surgery. In this work, the 10-acetyl-3, 7-dihydroxyphenoxazine (Amplex® Red, ADPH) with excellent ROS responsiveness was prepared as a ROS-responsive nanoprobe, and the performance of ROS-responsive fluorescence imaging was first assessed at the cellular level. Then, its fluorescence imaging sensitivity in complex biological environment in vivo was validated in mice models, and its application in image-guided tumor resection was investigated. The results show that the ROS-responsive fluorescent nanoprobe can perform effective fluorescence imaging of tumors and their microscopic lesions, providing a new theoretical basis for the application of responsive fluorescent probes in the surgical navigation of breast cancer.
2 EXPERIMENTAL SECTION
2.1 Materials and methods
All chemicals and reagents were acquired from chemical sources and applied as received. ADPH (Jinming Biotechnology), resorufin (Macklin), 1, 2- distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy- (polyethylene glycol)-2000] (DSPE-PEG2000) (Energy Chemical), hydrogen peroxide (H2O2, Enokai Technology), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Sigma), horseradish peroxidase (HRP, Sigma), buthionine sulfoximine (BSO, Macklin). The murine 4T1 breast cancer cell lines were obtained from American Type Culture Collection (ATCC). The absorbance and fluorescence spectra were obtained using a PerkinElmer Lambda 365 spectrophotometer and a HITACHI F-4,700 fluorescence spectrophotometer. Investigation of dynamic light scattering (DLS) using a 90 plus particle size analyzer. The in vivo fluorescence imaging was taken by an IVIS Lumina II (Xenogen).
2.2 Preparation of NPs
A compound of fluorescent probes (1 mg), DSPE-PEG2000 (4 mg), and dimethyl sulfoxide (DMSO) (1 mL) were sonicated to obtain a clear solution by complete dissolution. The solution was then speedily injected into 10 mL of distilled water over 4 min using a microtip probe ultrasound generator (XL2000, Misonix Consolidated, NY). The compound was then shifted into a permeation bag (molecular weight cutoff (MWCO) = 5,000 Da), permeated in distilled water for 24 h, ultrafiltered to 1 mL by ultrafiltration (MWCO = 10,000 Da) and filtered through a 0.2 μm syringe filter before use.
2.3 Cell culture
The 4T1 breast cancer cell lines were grown and incubated in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C, 5% CO2, saturated humidity in a cell culture incubator.
2.4 In vitro cytotoxicity study
4T1 breast cancer cells were inoculated in 96-well plates maintaining a density of 5,000 cells per well and the MTT assay was performed after 24 h of adhesion. The cells were then incubated with various concentrations of ADHP and resorufin NPs for 24 h. Then 10 μL of freshly made MTT solution (medium concentration of 5 mg/mL) was added to each well. After a total incubation of 4 h, the supernatant was discarded and 100 μL of DMSO was added to dissolve the precipitate, which was gently shaken on a shaker. The absorbance of MTT at 490 nm was measured by an enzymatic standard (GENios Tecan). The absorbance of cells incubated with NPs was expressed as the ratio of the absorbance of cells incubated with NPs to the absorbance of cells incubated in medium only.
2.5 Tumor-bearing mouse model
Following the guidelines of the Tianjin Experimental Animal Use and Care Committee, the overall project protocol was approved by the Animal Ethics Committee of Nankai University. All animal studies were conducted using 6-week-old female BALB/c mice, purchased from the Experimental Animal Centre of the Chinese Academy of Military Medical Sciences. To establish the mice transplantation models for breast cancer, 4T1 cells (5 × 105) were taken and mixed with 100 μL of phosphate buffered saline (PBS) and injected into the peritoneal cavity of mice. Tumors were grown for approximately 7 days followed by fluorescence imaging or surgical treatment experiments.
2.6 In vivo fluorescence imaging
Fluorescence imaging of ADHP NPs and resorufin NPs in 4T1 subcutaneous tumor-bearing mice was performed. Mice were intravenous with ADHP NPs or resorufin NPs (200 μL, 30 μM based on ADHP or resorufin) and sacrificed after 24 h, and the major organs (heart, liver, spleen, lungs, kidneys, tumours) were obtained and imaged using IVIS Lumina II.
2.7 Fluorescence imaging-guided tumor surgery
The mice models of peritoneal metastasis of luciferase-expressing 4T1 were intravenous with 200 μL of ADHP NPs (30 μM based on ADHP). 24 h later, the mice were anesthetized with 2% isoflurane, the abdominal cavities were dissected, bioluminescence imaging and fluorescence imaging of the peritoneal metastases were performed, and the metastases and residual microscopic tumor nodules were excised following fluorescence imaging guidance.
2.8 Histological study
Histological analysis was carried out on the tumors excised in the aforementioned fluorescence guided-image surgery. Simply, tumors were immobilized in 4% paraformaldehyde, embedded into wax blocks, and sectioned to a thickness of 5 μm, followed by hematoxylin-eosin (H&E) staining. Pathological sections were ured by a digital microscope (Leica QWin).
3 RESULTS AND DISCUSSION
3.1 Photophysical properties of molecules
Mammalian cells can produce ROS through a variety of mechanisms, of which H2O2 is one of the main types and plays various essential roles in cellular physiological and pathological processes (Cheung and Vousden, 2022). ADPH, catalyzed by HRP, can react with ROS (mainly H2O2) to produce resorufin, which has red fluorescence (Zhou et al., 1997) (Figure 1).
[image: Figure 1]FIGURE 1 | Scheme of the oxidative transformation of ADPH to resorufin.
The photophysical properties of ADPH and resorufin in DMSO were first investigated. Figure 2A showed the absorption spectra of ADPH in DMSO with a peak at 288 nm, then resorufin with an absorption peak at 467 nm and an emission peak at 570 nm (Supplementary Figure S1). Further the fluorescence intensity variation of ADPH in response to various concentrations of H2O2 was studied. The results showed that different concentrations of H2O2 (from 0 to 10 μM) reacted with 2 μM ADPH under 0.1 U/mL HRP catalysis, resulting in a concentration-dependent increase in the fluorescence emission intensity of the reaction product at 590 nm (Figure 2B). These results indicate that ADPH can effectively respond to ROS stimulation and turn on the fluorescence signal, which provides the possibility of a responsive tracer.
[image: Figure 2]FIGURE 2 | (A) Absorption spectra of ADHP and resorufin in DMOS. (B) Fluorescence intensity variation of ADPH in response to different concentrations of H2O2.
3.2 Photophysical properties of nanoparticles (NPs)
To increase the aqueous dispersion of ADHP and resorufin molecules, a biocompatible amphiphilic polymer, DSPE-PEG2000, was used as an encapsulation matrix to encapsulate the hydrophobic pores of NPs by nanoprecipitation (Li et al., 2018). The ADHP NPs and resorufin NPs could be uniformly dispersed in water to form pale-red and orange–red solutions with high transparency, respectively. The DLS outcomes indicated that the average hydrodynamic diameters of the ADHP NPs and resorufin NPs were 110.7 nm and 141.43 nm, respectively (Figure 3A; Supplementary Figure S2A), which allowed the NPs to passively target tumor tissue with enhanced permeation and retention (EPR) effects (Cheng et al., 2013). The morphology of the ADHP NPs was characterized by transmission electron microscopy (TEM), showing a homogeneous spherical structure with an average diameter of about 110 nm (Figure 3B). The slightly larger diameter measured by DLS relative to the TEM results may be due to the shrinkage of nanoparticles during TEM sample preparation. Both NPs and resorufin NPs showed good colloidal stability in 10% serum aqueous solution (Supplementary Figure S3), and the nanoprobe solution remained clear and transparent for a week. Furthermore, the UV absorption and fluorescence spectra of the nanoprobes were investigated in an aqueous solution. The maximum absorption peak of ADHP NPs was located at 281 nm, and the emission peak was located at 585 nm after responding with H2O2 (Figures 3C, D). The maximum absorption and emission peaks of resorufin NPs were located at 404 nm (Figure 3C) and 594 nm (Supplementary Figure S2B), respectively.
[image: Figure 3]FIGURE 3 | (A) DLS profile of ADHP NPs. (B) Representative transmission electron microscopy images of the ADHP NPs. (C) Absorbance spectra of ADHP NPs and resorufin NPs. (D) Fluorescence spectra of ADHP NPs (concentration 0 and 5 μM) after responding with H2O2.
3.3 Biocompatibility of NPs
Biocompatibility is key to the application of nanoprobes. Prior to the in vivo study, the cytotoxicity of ADHP NPs and resorufin NPs in vitro were first examined. As shown in Figure 4, after coincubation with 4T1 breast cancer cell lines for 24 h with different concentrations of NPs, the cell survival rate was higher than 95% in each group, and no significant cytotoxicity was observed. The cellular uptake of the nanoprobes was subsequently examined. Confocal microscopy showed that resorufin NPs could be effectively internalized and localized in the cytoplasm after coincubation with 4T1 cells for 4 h (Supplementary Figure S4). These results suggest that the NPs are biocompatible and can be effectively taken up by breast cancer cells.
[image: Figure 4]FIGURE 4 | The viability of 4T1 cells after incubation with various concentrations of ADHP NPs and resorufin NPs protected from light for 24 h.
3.4 Fluorescence imaging of ADHP NPs in vitro
ROS play a crucial role in the breast TME and are associated with a range of pathophysiological processes, including regulating cell proliferation, activating oncogenes, mediating genomic instability, inducing inflammation, initiating metabolic reprogramming, and promoting metastasis (Kalyanaraman et al., 2018; Weinberg et al., 2019). Many studies have confirmed that ROS levels in the breast TME are higher than those in normal tissues (Malla et al., 2021). To validate the ROS response of ADHP NPs and the ability to image cells in vitro, the BSO, a glutamylcysteine synthase inhibitor, was used to increase intracellular H2O2 levels. Confocal fluorescence microscopy results showed that in the two groups without the addition of ADHP NPs, no fluorescence signal was detected in the group with or without BSO (Figures 5A, B). In the other two groups, after co-incubation with ADHP NPs for 4 h, one group added 50 mM BSO and incubated for another 3 h. As shown in Figure 5C, there was a weak fluorescence signal in the BSO (−) group, indicating a low level of ROS in 4T1 cells cultured in vitro, while the fluorescence brightness in the BSO (+) group was significantly enhanced (Figure 5D). It is suggested that the addition of BSO can significantly increase the level of ROS in tumor cells, and ADHP NPs as a responsive fluorescent probe can fully respond and turn on the fluorescent signal for imaging.
[image: Figure 5]FIGURE 5 | Imaging under fluorescence microscope of ADHP NPs in vitro: 4T1 cells (A) incubated with PBS for 7 h, (B) preincubated with PBS for 4 h, later were exposed to BSO (50 mM) for another 3 h, (C) incubated with ADHP NPs(2 μM) for 7 h, (D)preincubated with ADHP NPs (2 μM) for 4 h, later were added BSO (50 mM) and incubated for another 3 h.
3.5 Fluorescence imaging of tumors
In vitro experiments confirmed that ADHP NPs can respond to ROS in tumor cells to switch on the fluorescent signal; therefore, the in vivo performance of ROS-responsive fluorescent probes for fluorescence imaging in tumor-bearing mice was further assessed by calculating the tumor-liver signal ratio. ADHP NPs and resorufin NPs were intravenously injected into 4T1 subcutaneous tumor-bearing mice, respectively. The mice were sacrificed 24 h later, and the tumors and major organs were removed for fluorescence imaging at the same time (Figure 6A). Ex vivo fluorescence imaging showed that the liver, lung, and tumor in the resorufin NPs group displayed fluorescence, of which the liver had the strongest fluorescence intensity. The fluorescence ratio of the tumor to the liver was only 0.4 (Figure 6B), suggesting that the tumor-to-liver signal ratio of the “Always ON” fluorescent probe was low. Due to the strong liver fluorescence signal background during in vivo imaging, it is difficult to distinguish the tumor fluorescence signal. In contrast, in the ADHP NPs group, although the liver, lung, and tumor showed fluorescence signals, the fluorescence ratio of the tumor to the liver was as high as 6.67 (Figure 6C). These results suggest that because of the higher ROS levels in tumor tissue than in normal tissue, ROS-responsive ADHP NPs can respond adequately to them and switch on the fluorescent signal. Thus, the interference of background signals in fluorescence imaging can be minimized. More importantly, the fluorescence signal of the liver is negligible, which improves the sensitivity and resolution of fluorescence imaging and shows great advantages in precise image-guided tumor surgery.
[image: Figure 6]FIGURE 6 | (A) Ex vivo fluorescence imaging of separate tissues of 4T1 subcutaneous tumor-bearing mice injected intravenously of 200 μL of ADHP NPs or resorufin NPs (30 μM based on each molecule) for 24 h. (B) Mean fluorescent signals of dissimilar tissues based on the images in the resorufin NPs group. (C) The average fluorescent signals in dissimilar tissues based on the images in the ADHP NPs group.
3.6 Fluorescence imaging-guided tumor surgery
Breast cancer is the commonest malignancy in women and is prone to distant metastases in the lung, liver, bone and brain, and is a major cause of death (Ahmad, 2019; Slamon et al., 2019). Patients with distant metastases have a poor prognosis, the five-year survival rate was only 27% (DeSantis et al., 2019). In clinical surgical oncology, intraoperative imaging to precisely locate tumor nodes, detect and completely remove all tumor lesions can greatly improve the success rate of surgery and avoid tumor recurrence. After abdominal metastasis of breast cancer, many tiny tumor nodules are scattered in the peritoneal cavity, leading to further metastasis, and spread of the tumor, and the survival rate of patients is significantly reduced. Therefore, accurate preoperative evaluation and intraoperative real-time imaging are necessary. Thus, we established mice models of peritoneal metastasis of 4T1 breast cancer cells to assess the ability of ADHP NPs as an ROS-responsive nanoprobe to identify microscopic tumor nodules in vivo. To detect the tumor distribution, we selected luciferase-expressing 4T1 breast cancer cell lines, which showed bioluminescence after injection of luciferin. After intravenously injecting ADHP NPs (200 μL, 30 μM based on ADHP) into a mouse for 24 h, the mouse’s abdominal cavity was dissected for bioluminescence imaging and fluorescence imaging. As a result of the EPR effect of tumors (Cheng et al., 2013), ADPH NPs can be enriched in the tumor site and the fluorescence signal of ADHP NPs completely coincided with the bioluminescence signal of fluorescein in the peritoneal cavity. It is proved that ADHP NPs can turn on the fluorescence signal in response to the high concentration of ROS in TME and accurately locate the tumor lesions. (Figures 7A, B).
[image: Figure 7]FIGURE 7 | Mice with peritoneal metastases were intravenously injected with 200 μL of ADPH NPs (30 μM based on ADHP) and operated on 24 h after injection: (A) bioluminescence and (B) fluorescence images of the peritoneal cavity of mice before tumor resection. Fluorescent images typical of mice (C) post unguided surgery and (D) post second surgery with guidance of the fluorescence of ADHP NPs.
Clinically, surgeons mainly rely on the naked eye to distinguish which tissues need to be removed and retained. Although sizeable tumors (>1 mm) were excised by the surgeon (the First Affiliated Hospital of Nanjing Medical University) after naked eye resolution, there were still some tiny (submillimeter level) unidentifiable tumor nodules remaining. With the help of the fluorescence signal of the high SBR of AHDP NPs, the residual tiny metastases in the peritoneal cavity of the tumor-bearing mice were clearly visible. Therefore, a second surgical resection was performed under the guidance of fluorescence imaging signals, and the tumors were observed to be excised postoperatively (Figures 7C, D). The operation took approximately 15 min. The bioluminescence signals and fluorescence signals of all resected tumor nodules completely overlapped (Figures 8A, B). Histological staining confirmed that the resected tissues were tumors (Supplementary Figure S5). In this study, by ROS responsive fluorescence signal of ADHP NPs, we maximized the fluorescence signal intensity in tumor tissue, while minimizing the background fluorescence signal intensity, providing high resolution real-time fluorescence images about the tumor tissue during surgery, improving the detection rate of microscopic lesions, assisting surgeons in pinpointing tumor lesions, improving the efficacy of surgical resection, and greatly reducing the risk of tumor recurrence.
[image: Figure 8]FIGURE 8 | The peritoneal carcinomatosis-bearing mice were intravenously injected with 200 μL of ADPH NPs (30 μM based on ADHP) followed by the operation of the abdomen at 24 h after injection: bioluminescence and fluorescence images typical of resected tumor nodules (A) post unguided surgery and (B) post the second surgery with guidance of fluorescence imaging of ADPH NPs.
4 CONCLUSION
In conclusion, we prepared a ROS-responsive fluorescent probe based on ADHP, which has ROS-responsive properties. In vitro studies have shown that ADHP NPs can effectively respond to ROS in tumors to turn on the fluorescent signal for imaging and have good biocompatibility. Using resorufin NPs as the contrast agent, the tumor-to-liver signal ratio of ADHP NPs was first measured in vivo, demonstrating that ROS-responsive fluorescent probes can effectively reduce the background signal interference in fluorescence imaging. Subsequently, under the real-time fluorescence signals guidance of ADHP NPs, peritoneal metastases and their boundaries with normal tissues were clearly displayed, and the tiny tumor lesions were accurately located and resected. The ROS-responsive fluorescence probes can minimize the background signal in fluorescence imaging and provide accurate intraoperative visualization of submillimeter tumor lesions with higher sensitivity and resolution, ensuring complete tumor removal. The ROS-responsive fluorescence probe offers more possibilities for the future use of responsive fluorescence probes in surgical navigation.
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photostability

HA 1CG NIR Prostate cancer Augmenting optical stability and reducing Souchek et al. (2018)
systemic toxicity

BSA 1cG NIRT Cervical cancer, Producing strong NIR-I fluorescence emission | Ma et al. (2021); Clutter

neuroblastoma etal. (2022)

PSMA 1CG NIR Cervical cancer Improving the chemical stability and Chen et al. (2021)
biocompatibility

PLGA 1CG NIR Cervical cancer Enhancing the NIR stability and internalization, | Choi et al. (2021)
reducing cytotoxicity

PEG 1CG NIR Various cancers Showing more sensitive imaging and strong Wang et al. (2022b)
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