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Among the various challenges in medicine, diagnosis, complete cure and healing of cancers remain difficult given the heterogeneity and complexity of such disease. Differing from conventional platforms with often unsatisfactory theranostic capabilities, the contribution of supramolecular interactions, such as hydrogen-bonds (H-bonds), to cancer nanotheranostics opens new perspectives for the design of biomedical materials, exhibiting remarkable properties and easier processability. Thanks to their dynamic characteristics, a feature generally observed for non-covalent interactions, H-bonding (macro)molecules can be used as supramolecular motifs for yielding drug-and diagnostic carriers that possess attractive features, arising from the combination of assembled nanoplatforms and the responsiveness of H-bonds. Thus Hbonded nanomedicine provides a rich toolbox that useful to fulfill biomedical needs with unique advantages in early-stage diagnosis and therapy, demonstrating the promising potential in clinical translations and applications. We here summarize the design and synthetic routes towards H-bonded nanomedicines, capitalizes on the growing understanding of the structurefunction relationship for efficient cancer treatment. It also ambitions to propose guidance for designing new H-bonded intelligent theranostic agents, to inspire more successful explorations of cancer nanotheranostics and finally to promote potential clinical translations.

Introduction

Cancer has become one of the world's most pressing health threats, and continues to impose a severe socio-economic burden on society. 1 Over the past several decades, there have been significant advances in discovery and understanding of cancer biology, yet the survival trend and outcomes of many cancer patients have hardly been changed. [START_REF] Shi | Cancer nanomedicine: progress, challenges and opportunities[END_REF][START_REF] De Lázaro | Obstacles and opportunities in a forward vision for cancer nanomedicine[END_REF] In fact, basic and clinical researches are essential to fight with cancer, novel discoveries are indeed moving from bench to bedside at a remarkable rate. [START_REF] Chen | Rethinking cancer nanotheranostics[END_REF] Among them, well-designed nano-formulations incorporating diagnostic and therapeutic capabilities have achieved outstanding breakthroughs over the past years. [START_REF] Chen | Rethinking cancer nanotheranostics[END_REF][START_REF] Sun | What went wrong with anticancer nanomedicine design and how to make it right[END_REF][START_REF] Li | Efficacious delivery of protein drugs to prostate cancer cells by PSMA-targeted pH-responsive chimaeric polymersomes[END_REF][START_REF] Yang | Granzyme B-loaded, cell-selective penetrating and reduction-responsive polymersomes effectively inhibit progression of orthotopic human lung tumor in vivo[END_REF] Nanomedicine's strategy is featured by improved clinical performances and reduced adverse side effects, thus shows promising potential in biomedical applications. There are some commercial nanomedicine products such as Abraxane® (paclitaxel bound to albumin nanoparticles) which have demonstrated a positive risk-benefit balance and so have been approved by U.S. Food and Drug Administration (FDA), which shows considerable formulations and aspects at different phases in clinical trial. Other prominent examples, especially via liposomal-formulations, such as the formulation of doxorubicin, daunomycin, vincristine or irinotecan have also been reported highlighting both, the improved performance as well as challenges of novel drug-formulations. [START_REF] De Lázaro | Obstacles and opportunities in a forward vision for cancer nanomedicine[END_REF] Along with remarkable progress in cancer nanomedicine, scientists have also gradually realized that several obstacles are indeed lied ahead regarding their clinical translations. [START_REF] Leserman | Targeting to cells of fluorescent liposomes covalently coupled with monoclonal antibody or protein A[END_REF][START_REF] Heath Timothy | Antibody Targeting of Liposomes: Cell Specificity Obtained by Conjugation of F(ab′)2 to Vesicle Surface[END_REF][START_REF] Bangham | Negative staining of phospholipids and their structural modification by surface-active agents as observed in the electron microscope[END_REF][START_REF] Langer | Polymers for the sustained release of proteins and other macromolecules[END_REF][START_REF] Miller Miles | Predicting therapeutic nanomedicine efficacy using a companion magnetic resonance imaging nanoparticle[END_REF][START_REF] Yokoi | Serum biomarkers for personalization of nanotherapeutics-based therapy in different tumor and organ microenvironments[END_REF][START_REF] Yokoi | Capillary-Wall Collagen as a Biophysical Marker of Nanotherapeutic Permeability into the Tumor Microenvironment[END_REF][START_REF] Hu Che-Ming | Erythrocyte membrane-camouflaged polymeric nanoparticles as a biomimetic delivery platform[END_REF][START_REF] Gref | Biodegradable Long-Circulating Polymeric Nanospheres[END_REF] Foremost, the tumor heterogeneity and complexity require a precise selection of patients to identify those most likely benefitting from the given nanotheranostics. [START_REF] Ghasemi | Precision medicine and molecular imaging: new targeted approaches toward cancer therapeutic and diagnosis[END_REF][START_REF] Bentzen | Theragnostic imaging for radiation oncology: dose-painting by numbers[END_REF][START_REF] Liu | Recent advances in the development of nanoparticles for multimodality imaging and therapy of cancer[END_REF][START_REF] Golombek | Tumor targeting via EPR: Strategies to enhance patient responses[END_REF] The specificity and detection limit of nanomedicine needs to be further adapted, also in early-stage of diagnosis. [START_REF] Renne | Vessels Encapsulating Tumor Clusters (VETC) Is a Powerful Predictor of Aggressive Hepatocellular Carcinoma[END_REF][START_REF] Misra | Trimodal Therapy: Combining Hyperthermia with Repurposed Bexarotene and Ultrasound for Treating Liver Cancer[END_REF][START_REF] Singh | Hydrogen peroxide-activatable polymeric prodrug of curcumin for ultrasound imaging and therapy of acute liver failure[END_REF][START_REF] Wu | Nanotechnology for Hepatocellular Carcinoma: From Surveillance, Diagnosis to Management[END_REF] Therapeutic outcomes should also be improved by optimizing both pharmacodynamic and pharmacokinetic behaviors of nano-formulations by designing effective fabrication strategies and adjusting nanocarriers properties. In addition, side effects, such as acute toxicity and long-term immunotoxicity are usually the main cause of failure for nanomedicines at the stage of clinical trials, therefore pushing scientists to develop novel biomaterials (e.g., polymers, [START_REF] Wang | Hierarchical Tumor Microenvironment-Responsive Nanomedicine for Programmed Delivery of Chemotherapeutics[END_REF] liposomes, [START_REF] Ta | Localized delivery of doxorubicin in vivo from polymer-modified thermosensitive liposomes with MR-guided focused ultrasound-mediated heating[END_REF] semiconductors, [START_REF] Yang | Semiconducting Polymer Nanoparticles as Theranostic System for Near-Infrared-II Fluorescence Imaging and Photothermal Therapy under Safe Laser Fluence[END_REF] and peptide [START_REF] Qi | Self-Assembled Peptide-Based Nanomaterials for Biomedical Imaging and Therapy[END_REF] ) with appropriate physico-chemical properties to avoid those fatal limits. [START_REF] Golombek | Tumor targeting via EPR: Strategies to enhance patient responses[END_REF][START_REF] Harris | Liposome-encapsulated doxorubicin compared with conventional doxorubicin in a randomized multicenter trial as first-line therapy of metastatic breast carcinoma[END_REF] Supramolecular chemistry -defined as "chemistry beyond the molecule" 30 -enables the formation of ordered yet dynamic assemblies on the basis of non-covalent molecular recognition moieties interacting through hydrogen bonds, metal coordination, host-guest ligation, π-π stacking, or van der Waals interactions, [START_REF] Chen | Dynamic Ordering and Phase Segregation in Hydrogen-Bonded Polymers[END_REF][START_REF] Binder | Supramolecular Polymers and Networks with Hydrogen Bonds in the Main-and Side-Chain[END_REF] metal coordination, host-guest interactions, π-π interactions, and van der Waals interactions. [START_REF] Lehn | Toward Self-Organization and Complex Matter[END_REF][START_REF] Lutz | From Precision Polymers to Complex Materials and Systems[END_REF] These moieties can be designed to fabricate diverse supramolecular (bio)materials, [START_REF] Mann | Supramolecular Polymeric Biomaterials[END_REF][START_REF] Zhou | Supramolecular cancer nanotheranostics[END_REF][START_REF] Webber | Supramolecular biomaterials[END_REF][START_REF] Webber | Drug delivery by supramolecular design[END_REF] featuring unique properties originating from the dynamic, stimuli-responsive and reversible characters of their constituents.

By using specific and dynamic non-covalent interactions, engineered approaches to smart nanomedicine and drug delivery can be realized. [START_REF] Li | Stimuli-Responsive Drug-Delivery Systems Based on Supramolecular Nanovalves[END_REF] Clear advantages of this strategy are the molecular-level control of composition, an improved approach for incorporating and targeting drugs, and new methodologies to fabricate delivery vehicles that respond to a range of physiologic indicators. [START_REF] Ding | Noncovalent interaction-assisted polymeric micelles for controlled drug delivery[END_REF] The use of supramolecular moieties can further give rise to nanomedicine for specific encapsulation and controlled release of therapeutics. Moreover, the modularity of supramolecular interactions can facilitate the combination of several drugs within one delivery system in a programmable manner, avoiding time-consuming and tedious synthesis. In the context of clinical translation, features of supramolecular design may contribute additional advantages, specifically in endowing quantitative drug loading, the design of discrete delivery system, as well as a priori knowledge of carrier degradation and/or clearance mechanisms. [START_REF] Zhou | Supramolecular cancer nanotheranostics[END_REF] There are diverse supramolecular interactions, such as H-bonds, metal coordination, host-guest interactions, π-π interactions, and van der Waals interactions, truly enable the rapid growing applications in supramolecular nanomedicine. The nature of the involved non-covalent interaction must be carefully evaluated and chosen, depending on the modality of selectivity, directionality and sensitivity which are seeked. H-bonds are the fundamental interactions of various relevant functions in biological system, as they can be strong enough to hold biological (macro)molecules together, also can be weak enough to be broken in organisms and cells if necessary. [START_REF] Jeffrey | Hydrogen bonding in biological structures[END_REF] H-bonds are the vital element of major biomacromolecules in life (such as DNA, RNA, proteins, aptamers and nucleosides). [START_REF] Perrin | Strong" hydrogen bonds in chemistry and biology[END_REF] Furthermore, H-bonds in proteins contribute the arrangement of different types of folding and the specificity of protein-ligand interactions in molecular-scale recognition. [START_REF] Bai | Protein self-assembly via supramolecular strategies[END_REF] In addition to protein-ligand interactions, H-bonds are also involved in diverse intermolecular interactions, such as protein-nucleic acid, protein-liposome and protein-protein, complexes. [START_REF] Jiang | O Hydrogen Bonds at Protein-Protein Interfaces* 210[END_REF] Thus as a well-known example, H-bonds between heterocomplementary nucleotides facilitate the linking of two strands of a DNA helix, in which the heteocomplementary base pairs of cytosine and guanine (or thymine and adenine) are connected by H-bonds. [START_REF] Fonseca Guerra | Hydrogen bonding in DNA base pairs: reconciliation of theory and experiment[END_REF] Because of the often significant weakness of single H-bonds, the existence of numerous H-bonds in biological macromolecules endows the remarkable stability in aqueous environments by cooperativity effects. Moreover, H-bonds bridge the biological and synthetic sciences, implementing dynamic functions into assembled molecules and artificial materials, not achieved via the purely covalent bonds. Thus, benefitting from the reversible and dynamic nature of H-bonds, an additional element of responsivity is incorporated into nanomedicine, leading to novel functional biomaterials such as those with stimuli-dependentproperties and modular fashion, may even enable the biomimetic recapitulating of native biological signaling and/or structural cues. [START_REF] Wojtecki | Using the dynamic bond to access macroscopically responsive structurally dynamic polymers[END_REF] Yet, despite the expansion of various strategies to design H-bonded biomaterials, the investigation of nanomedicine within such platform opposing the ordering effects via H-bonding forces is a newly emerging and extremely promising field. [START_REF] Li | Molecular recognition-driven supramolecular nanoassembly of a hydrophobic uracil prodrug and hydrophilic cytarabine for precise combination treatment of solid and non-solid tumors[END_REF][START_REF] Zhao | Using Nucleobase Pairing as Supermolecule Linker to Assemble the Bionic Copolymer Nanoparticles with Small Size[END_REF][START_REF] Senthilkumar | Conjugated Polymer Nanogel Binding Anticancer Drug through Hydrogen Bonds for Sustainable Drug Delivery[END_REF] Considering their outstanding potential in clinical research and translation, H-bonded nanomedicines have attracted the growing attention from synthetic chemists, materials scientists, biologists and physicians. [START_REF] Zhao | Supramolecular photothermal nanomaterials as an emerging paradigm toward precision cancer therapy[END_REF] Several outstanding reviews have been reported in the field of supramolecular nanotheranostics. [START_REF] Zhou | Supramolecular cancer nanotheranostics[END_REF][START_REF] Webber | Supramolecular biomaterials[END_REF][START_REF] Zhao | Supramolecular photothermal nanomaterials as an emerging paradigm toward precision cancer therapy[END_REF][START_REF] Zhou | Supramolecular biofunctional materials[END_REF][START_REF] Feng | Supramolecular delivery systems based on pillararenes[END_REF][START_REF] Kwon | Supramolecular agents for combination of photodynamic therapy and other treatments[END_REF] But still there has been no specific and systematic review so far to highlight the importance of H-bonded nanotheranostics in cancer treatment in detail. In view of the unique advantages of H-bonded nanotheranostics in cancer diagnosis and therapy, we here present a comprehensive review on the current state-of-the-art for designing novel H-bonded nanomedicines for precise diagnosis and targeted therapeutic drugs delivery.

We will focus here on the facts of engineered drug delivery systems designed through diverse H-bonding moieties, discuss molecular-scale organization in the design of these H-bonded nanomedicine, including (I) H-bonds driven assembly of small-molecule drugs, (II) H-bonds driven assembly of small-molecule drugs with polymeric carrier, and (III) H-bonds driven assembly of polymeric carriers encapsulating small-molecule drugs (Figure 1, Table 1). We will highlight the promises that may be achieved from the design, and the opportunities of clinical use of such technologies, with a specific highlight on their use in the emerging fields such as smart therapeutics and precision medicine. Additionally, it is our intention to convey the broad prospects and excitement in using H-bonding design within drug delivery as these strategies can facilitate molecularly defined medicines, promoted therapeutic performance, and customized treatment options. The progress of literatures in drug delivery systems designed through diverse H-bonding moieties, including molecular-scale organization such as (I) assembly of small-molecule drugs, (II) assembly of small molecule drugs with polymeric carrier, and (III) assembly of polymeric carriers encapsulating small-molecule drugs.

Molecular-scale organization

Involved H-bonding moities

(I) Assembly of small-molecule drugs Clofarabine/Raltitrexed (CA/RT) Figure 3 80

Pemetrexed/Cytidine (Pem/Cyt) Figure 4,5 66,81

Methotrexate/5-Fluorouracil (MTX/5-FU) Figure 6 82

Uridine/Deoxyadenosine (U/A) Figure 7 83

(II) Assembly of small molecule drugs with polymeric carrier Urea/Doxorubicin (U/DOX) Figure 8 84

Thiourea/ Doxorubicin (TU/DOX) Figure 9 67

Hydroxyl/carbonyl (-OH/-C=O) Figure 10 85

Electronegative atoms (O, N, F)/Hydroxyl (-OH) Figure 11 86

Cyanuric acid/Methotrexate (CA/MTX) Figure 12 87

Thymine/Methotrexate (Thy/MTX) Figure 13 Uracil/2,6-diaminopyridine (U/DAP) Figure 20 68

Adenine/Adenine (A/A) Figure 21 94

-NH-, -OH/-C=O Figure 23 95

Cytosine/Guanine (GEM/ACV) Figure 24 96

Principles of assembly in H-bonded nanomedicine

In H-bonded system, the strength of H-bonds can be adjusted through chemical design (Figure 2), where the number of H-bonds, [START_REF] Chen | Dynamic Ordering and Phase Segregation in Hydrogen-Bonded Polymers[END_REF] solvation, along with the secondary electrostatic interactions between adjacent H-bonds [START_REF] Jorgensen | Importance of secondary interactions in triply hydrogen bonded complexes: guanine-cytosine vs uracil-2, 6-diaminopyridine[END_REF] have a vital effect on the stability of H-bonding arrays.

Two H-bonding moieties bearing donor groups (D) acceptor sites (A) can interact specifically and selectively, which is described via a thermodynamic association constant (Ka). In nonpolar solvents, such specific H-bonding interaction is generally dominant, in turn allowing a selective A/B interaction in the sense of a "key-lock" bridge models. Both, moderately polar solvents and dipolar repulsion [START_REF] Lüning | Heterodimers for molecular recognition by fourfold hydrogen bonds[END_REF] can diminish the strength of H-bonds significantly, as then enthalpic benefits of forming selective A/B H-bonding interaction offset competitive H-bonding with those from the surrounding solvent, including water, which is abundant in biological environments. Therefore, many small molecules with quite associative H-bonds in nonpolar organic solvents do not form appreciably strong H-bonds in water. Accordingly, a majority of H-bonds directed platforms, which are extensive, typically use noncompetitive nonpolar organic solvents. [START_REF] De Greef | Supramolecular Polymerization[END_REF] On the other hand, the first example where the assembly is promoted by Hbonding moieties directly in water, is demonstrated by Bouteiller, Colombani et. al, [START_REF] Han | Oligo-Urea with No Alkylene Unit Self-Assembles into Rod-Like Objects in Water[END_REF] reporting rod-like H-bonding assemblies in water via a penta-urea sticker decorated with poly(ethylene oxide) (PEO) side chains, whitout alkyl chains or alky-lene spacers to protect the H-bonds from the competitive water molecules. green: attractive). This figure has been reproduced from ref. [START_REF] Chen | Dynamic Ordering and Phase Segregation in Hydrogen-Bonded Polymers[END_REF] with permission from American Chemical Society, copyright 2016.

In contrast, several man-made H-bonded systems have judiciously exploited robust H-bond moieties, [START_REF] Rzepecki | Hierarchical self-assembly of aminopyrazole peptides into nanorosettes in water[END_REF] with additional collective interactions (e.g. aromatic stacking, [START_REF] Kato | Hydrogen bonding in water using synthetic receptors[END_REF] and/or the hydrophobic interaction [START_REF] Brunsveld | Hierarchical formation of helical supramolecular polymers via stacking of hydrogen-bonded pairs in water[END_REF] ) to afford the energetic costs of breaking H-bonds formed with water molecules, in turn achieving self-assembly in aqueous media. The conjunction of H-bonds with hydrophobic interactions, endowing the interface of a monolayer and thus shielding H-bonds from water, can furnish a suitable environment for H-bonding formation. The recognition sites involving H-bonds in biological systems are indeed shielded from the competing water molecules within the hydrophobic microenvironments, such as those existed in the cell membranes, protein pockets, [START_REF] Yang | The I-TASSER Suite: protein structure and function prediction[END_REF] or aromatic stacks within DNA helix [START_REF] Neidle | Principles of nucleic acid structure[END_REF] or G-quartets. [START_REF] Davis | G-quartets 40 years later: from 5′-GMP to molecular biology and supramolecular chemistry[END_REF] The principle of assembly in H-bonded nanomedicine thus relies on the use of two types of interactions, H-bonds and hydrophobic interactions, that function together, where H-bonds directed recognition occurred within the shielding hydrophobic microenvironment in aqueous solution. The specific pairwise recognition and stimuli responsive features of H-bonding systems are putting the predominant properties into H-bonded nanomedicine, namely, their reversible linking and reorganization, in turn generating responsivity and adaptivity to the external stimuli. H-bonds interactions [START_REF] Kuang | Core-crosslinked amphiphilic biodegradable copolymer based on the complementary multiple hydrogen bonds of nucleobases: synthesis, self-assembly and in vitro drug delivery[END_REF][START_REF] Cheng | Complementary hydrogen bonding interaction triggered co-assembly of an amphiphilic peptide and an anti-tumor drug[END_REF][START_REF] Li | Diselenide-Pemetrexed Assemblies for Combined Cancer Immuno-, Radio-, and Chemotherapies[END_REF] can stabilize nanodrug in physiological media through non-covalently cross-linking, also enhance the drug loading capacity thanks to the molecular recognition and association. Moreover, stimuli-responsive drug release [START_REF] Ding | Noncovalent interaction-assisted polymeric micelles for controlled drug delivery[END_REF] can be steadily realized by triggering the H-bonding dissociation, generally induced by the parameters such as temperature, [START_REF] Li | Photothermal Effect-Triggered Drug Release from Hydrogen Bonding-Enhanced Polymeric Micelles[END_REF] pH, [START_REF] Cheng | Stimuli-responsive singlechain polymeric nanoparticles towards the development of efficient drug delivery systems[END_REF] or radiation. [START_REF] Li | Diselenide-Pemetrexed Assemblies for Combined Cancer Immuno-, Radio-, and Chemotherapies[END_REF] Thermal responsiveness of H-bonds is an important characteristic to afford intelligent delivery and responsive release. Combined with photothermal agent, rapid drug release, then aggregation of drugs in nucleus could be realized upon (nearinfrared) laser irradiation, which is due to the destabilization of H-bonds induced by the photothermal effect. It is also highly anticipated that thermal responsive H-bonded nanomedicine, featured by intelligent and efficient anticancer bioactivity, will bring a new horizon of advanced cancer nanomedicine. Especially in the use of thermally triggered gels, where superparamagnetic nanoparticles generate sufficient thermal energy to rupture the Hbonds to release an embedded drug are prominent components in the development of sitespecific release systems. [START_REF] Binder | Magnetic and Temperature-Sensitive Release Gels from Supramolecular Polymers[END_REF] Therefore, H-bonded nanomedicine, featured by their enhanced stability, can lead to promoted circulation times and superior transport performance, with the ability to trigger drug release in the tumor microenvironment, thus become gaining momentum in the area of cancer therapy, can reveal in-depth innovation in nanomedicine strategies. It is noteworthy that the preparation H-bonded complexes is also a crucial step in the field of nanomedicine, which can affect the properties of the H-bonded complexes (e.g., size, geometry, surface features, elasticity, porosity), also influence the biological process and ultimately the therapeutic outcomes. Currently, the fabrication methods of H-bonded complexes preparation are mostly involving nanoprecipitation [START_REF] Li | Stimuli-Responsive Drug-Delivery Systems Based on Supramolecular Nanovalves[END_REF][START_REF] Cheng | Intracellular Self-Immolative Polyprodrug with Near-Infrared Light Guided Accumulation and in Vivo Visualization of Drug Release[END_REF][START_REF] Liu | Tumor-Microenvironment-Activatable Polymer Nano-Immunomodulator for Precision Cancer Photoimmunotherapy[END_REF][START_REF] Cheng | Dual Tumor Microenvironment Remodeling by Glucose-Contained Radical Copolymer for MRI-Guided Photoimmunotherapy[END_REF][START_REF] Yang | Ultrastable Near-Infrared Conjugated-Polymer Nanoparticles for Dually Photoactive Tumor Inhibition[END_REF] and ultrasonic emulsification. [START_REF] Hou | Nano-delivery of fraxinellone remodels tumor microenvironment and facilitates therapeutic vaccination in desmoplastic melanoma[END_REF][START_REF] Periasamy | Anticancer activity of an ultrasonic nanoemulsion formulation of Nigella sativa L. essential oil on human breast cancer cells[END_REF][START_REF] Wu | Hydrogen-bonded supramolecular polymer micelles with pH/photothermal-responsive carmofur release and combined chemo-photothermal therapy[END_REF] In addition, the development of efficient anti-bacterial and anti-inflammatory materials with novel mechanism of action is of great interest in view of research and clinical demand. Hbonded nanomedicine with integrated multi-functions, especially fast thermally reversible formation-dissociation processes, 77-79 also hold great promising potential in other diseases such as inflammatory diseases.

H-bonds driven assembly of small-molecule drugs

Model systems, where one small drug assembles with another one in a singular ordering process to afford supramolecular nanomedicine. Thanks to the specifically interacting H-bonds collectively with hydrophobic interactions, such carrier-free supramolecular nanomedicine featured by amphiphilic nanoparticles with H-bonding linkage in water can be realized.

Compared to conventional free drugs, such supramolecular systems exhibit longer blood retention half-life, so to facilitate accumulation of drugs into the tumor tissues, and to promote tumor cellular uptake. [START_REF] Harris | Liposome-encapsulated doxorubicin compared with conventional doxorubicin in a randomized multicenter trial as first-line therapy of metastatic breast carcinoma[END_REF][START_REF] Gabizon | Prolonged Circulation Time and Enhanced Accumulation in Malignant Exudates of Doxorubicin Encapsulated in Polyethylene-glycol Coated Liposomes1[END_REF] Most importantly, H-bonded nanomedicine can exhibit nanoscale characteristics, featured with drug-self-delivery system for tumor therapy, in which the antitumor drugs can self-deliver without the need for nanocarriers. [START_REF] Park | To PEGylate or not to PEGylate, that is not the question[END_REF] After tumor cellular internalization, H-bonds interactions between hydrophilic and hydrophobic drugs are prone to responsively break to release the drug, in a controlled and localized manner and with reduced adverse effects, thus achieving enhanced anticancer activity in vitro and in vivo. [START_REF] Gabizon | Prolongation of the Circulation Time of Doxorubicin Encapsulated in Liposomes Containing a Polyethylene Glycol-Derivatized Phospholipid: Pharmacokinetic Studies in Rodents and Dogs[END_REF] In addition, this straightforward self-assembly does not require any sophisticated synthetic pathways, consequently avoiding undesirable changes in drug structure and property, thus endowing a feasible method for mass production of nanomedicine. [100][101][102][103] Gefitinib (GEF) and tripeptide tyroservatide (YSV) which are both clinically approved chemotherapeutic molecules against non-small-cell lung cancer, have been employed to construct drug-self-delivery systems through molecular recognition, driven by supramolecular interactions including H-bonds and π-π stacking. The assembled GEF-YSV nanomedicine not only solves the poor aqueous solubility issues of GEF, which hinders the circulation to approach its effective blood drug concentration, but also gathers the divergent drug function mechanisms of both GEF and YSV. Thus it demonstrates a remarkable therapeutic efficiency towards nonsmall-cell lung cancer. 104 Benefiting from H-bonds driven molecular recognition, a hydrophobic antitumor drug clofarabine (purine nucleoside analogue, CA) and a hydrophilic antitumor drug raltitrexed (quinazoline-based folate analogue, RT), are self-assembled into supramolecular nanomedicine (Figure 3), [START_REF] Yu | Nucleoside Analogue-Based Supramolecular Nanodrugs Driven by Molecular Recognition for Synergistic Cancer Therapy[END_REF] where CA acts as direct inhibitor of ribonucleotide reductase and reducer of DNA polymerase, while RT exerts its cytotoxic activity via the specific inhibition of thymidylate synthase. Such H-bonded nanomedicine generated from CA and RT molecular recognition, can self-organize in aqueous solution into highly stable spherical nanoparticles. Moreover, Hbonded nanomedicine build through rational combination of CA and RT illustrates the ability to decrease the side effects of free CA or RT drugs which could have induced a synergistic cytotoxicity thanks to their different mechanisms of action. In this way, the antitumor efficiency is considerably enhanced, as evidenced by in vitro and in vivo studies. 80 Very recently a similar supramolecular nanomedicine was reported for delivery of Pem and βseleno ester into tumor tissues to achieve a synergistic chemotherapy and immunotherapy (Figure 5), using the same H-bonding interactions between Pem and Cyt. [START_REF] Pan | Selenium-containing nanoparticles synergistically enhance Pemetrexed&NK cell-based chemoimmunotherapy[END_REF] Cyt linked with βseleno ester was associated with Pem via triple H-bonds to form nanoparticles via nanoprecipitation. These nanoparticles show higher transmembrane efficiency than free Pem and tend to localize in tumor sites. Considering the aberrant reactive oxygen species (ROS) level in tumor cells and the oxidation responsiveness of β-seleno ester, β-seleno ester is converted to seleninic acid in situ, subsequently transfers to tumor cell surface to suppress human leukocyte antigen E, thus resulting in the activation of NK cells. In addition, seleninic acid efficiently depletes intracellular glutathione (GSH), causing the rapid accumulation of ROS, thus further restraining tumor growth when associated with Pem-mediated chemotherapy. FU for chemotherapy. [START_REF] Chen | Watson-Crick G[triple bond, length as m-dash]C"-inspired supramolecular nanodrug of methotrexate and 5-fluorouracil for tumor microenvironment-activatable self-recognizing synergistic chemotherapy[END_REF] Further in vitro and in vivo studies confirmed that the H-bonded nanomedicine indeed exhibited preferable accumulation at tumor sites along with extraordinarily synergistic chemotherapeutic effects (Figure 6b). 

H-bonds driven assembly of small-molecule drugs with polymeric carrier

Driven by H-bonding forces, urea moieties are known to associate to carboxylate derivatives that are present in several antitumor drugs, such as DOX and paclitaxel (PTX), and their isosteres (e.g. sulfonates, phosphonates, and phosphates). 105,106 This property can be exploited to fight with cancer cells. Therefore, urea-functional block copolymers, poly(ethylene glycol)b-poly(ethyl-co-urea carbonate), with differing urea contents and polymer molar mass, were synthesized (Figure 8a) to act as an efficient carrier of these drugs via multiple H-bonding. [START_REF] Kim | Hydrogen bonding-enhanced micelle assemblies for drug delivery[END_REF] The incorporation of urea moieties significantly lower the critical micelle concentration (CMC) of these block copolymers, promoted the kinetic stability of micelles enhance DOX loading contents (Figure 8b) and facilitated the generation of drug-loaded micelles with desirable size along with a narrow size distribution. 107 Importantly, the DOX-loaded micelles indeed exert effective cytotoxic effect against HepG2cells, a model cancer cell line, highlighting the importance of the control of H-bonding interactions in stabilizing nanostructures and enhancing antitumor efficiency for nanomedicine. interaction between urea and DOX. This figure has been reproduced from ref. [START_REF] Kim | Hydrogen bonding-enhanced micelle assemblies for drug delivery[END_REF] with permission from Elsevier, copyright 2010.

As another system, amphiphilic diblock copolymers poly(ethylene glycol)-b-poly(L-lysine) (mPEG-b-PLL), bearing different H-bonding moieties (urethane, urea, and thiourea groups)

were synthesized to test their capacities for the co-delivery of antitumor drugs (e.g., DOX) together with photothermal agents (e.g., indocyanine green, ICG) (Figure 9). [START_REF] Li | Photothermal Effect-Triggered Drug Release from Hydrogen Bonding-Enhanced Polymeric Micelles[END_REF] The resulting supramolecular polymeric micelles displayed enhanced micelle stabilities due to H-bonds between urea moieties in the polymers. Moreover, H-bonds between urea/thiourea and DOX endow the carriers with enhanced drug loading efficiency, decreased micelles size, as well as slower drug release profiles. When exposed to near-infrared laser irradiation, destabilization of H-bonds through photothermal effect triggers fast and controlled DOX releases from H-bonded micelles, which dramatically promotes the aggregation of the drugs in the nuclei, thus resulting in the enhanced anticancer activity. 67 An alternate therapeutic route can also be based on hollow microcapsules made of poly(Lglutamic acid) (PLGA) and chitosan (CS) which are built through layer-by-layer (LbL) assembly using melamine formaldehyde (MF) microparticles as sacrificial template (Figure 11a). 5-FU was chosen to investigate the drug loading and release properties of the obtained PLGA/CS microcapsules, showing high 5-FU loading capacity, ascribed to spontaneous deposition of 5-FU induced by H-bonding between 5-FU and PLGA/CS microcapsules (Figure 11b). [START_REF] Yan | Layer-by-layer assembly of poly(L-glutamic acid)/chitosan microcapsules for high loading and sustained release of 5fluorouracil[END_REF] Moreover, the release rate of 5-FU after loading in PLGA/CS microcapsules drastically slows down, and shows sustained release behavior. In vitro cytotoxicity evaluation by the MTT assay revealed good cell viability over the entire concentration range of PLGA/CS microcapsules. A tumor-targeting amphiphilic peptide with cyanuric acid conjugated to the hydrophobic tail A tumor-targeting amphiphilic peptide, CA-C11-GGGRGDS, with a terminal cyanuric acid (CA) moieties has also been reported (Figure 12a). Thanks to heterocomplementary H-bonding interactions between CA and MTX, CA-C11-GGGRGDS exhibits a satisfying ability to upload and release anti-tumor drug of MTX. The complementary H-bonding interactions between MTX and terminal CA moieties (Figure 12b) [START_REF] Cheng | Complementary hydrogen bonding interaction triggered co-assembly of an amphiphilic peptide and an anti-tumor drug[END_REF] result in an increase in the overall hydrophobicity of the assembled system, leading to the formation of MTX-loaded nanorods at low MTX concentration, and nanofibers at high MTX concentration. As the MTX release, the hydrophilic-hydrophobic balance is changed, inducing the recovery of micelles from nanorods or nanofibers and so reflecting a reversible supramolecular morphology transition from spherical micelles to nanofibers. Another system relies on a thymine-functionalized six-membered cyclic carbonate monomer (TAC) which can be synthesized via Michael-addition reaction between thymine and acryloyl carbonate (AC). The corresponding thymine-functionalized amphiphilic mPEG-b-PTAC diblock copolymer is then generated by ring-opening polymerization using mPEG as macroinitiator. Due to multiple H-bonding interactions between exposed thymine moieties of hydrophobic PTAC segments and MTX molecules, mPEG-b-PTAC was proven as a powerful controlled drug delivery system with high drug uploading capacity and entrapment efficiency.

Moreover, MTX-loaded mPEG-b-PTAC indeed demonstrates a sustained drug release behavior and also a pH-sensitive MTX-release profile to tumor cells (Figure 13). [START_REF] Cheng | Thymine-functionalized amphiphilic biodegradable copolymers for high-efficiency loading and controlled release of methotrexate[END_REF] MTT assays also showed lower toxicity of amphiphilic mPEG-b-PTAC diblock copolymer but higher potent cytotoxic activity of MTX-loaded micelles against HeLa cells. 

H-bonds driven assembly of polymeric carrier encapsulating small-molecule drugs

Adenine-terminated poly(ε-caprolactone) (PCL-A) and uracil-terminated poly(ethylene glycol) (PEG-U) were used to fabricate H-bonded nanocarriers driven by adenine/uracil association, which show stimuli-responsive abilities and can encapsulate and then deliver DOX in a controlled manner (Figure 15). [START_REF] Wang | Supramolecular copolymer micelles based on the complementary multiple hydrogen bonds of nucleobases for drug delivery[END_REF] with permission from American Chemical Society, copyright 2011.

Another reported system relies on amphiphilic block copolymer micelles which constitute nanocarriers of triclosan, a hydrophobic active antibacterial drug (Figure 16). [START_REF] Kim | Hydrogen-Bonding Layerby-LayerAssembled Biodegradable Polymeric Micelles as Drug Delivery Vehicles from Surfaces[END_REF] A film is constructed by layer by layer deposition onto a hydrophobic surface of poly(acrylic acid) (PAA) as H-bonds donor and biodegradable poly(ethylene oxide)-block-poly(ε-caprolactone) (PEOb-PCL) micelles as H-bonds acceptor. The resulting film can be peeled of the hydrophobic surface since it weakly adheres to it. Considering the sensitive nature of H-bonds used to build these multilayers, the film is steadily de-constructed to release the micelles when expose to physiological conditions. In vitro Kirby-Bauer assays against Staphylococcus aureus revealed that triclosan-loaded micelles layer-by-layer film indeed can deliver significant amounts of active drugs, to efficiently inhibit the growth of bacteria. Such noncovalent system provides with a straightforward route to upload active small, unchanged therapeutics for biological and biomedical coatings. to prepare ECM-targeting liposomes (Figure 23). [START_REF] Chiang | Polymer-Liposome Complexes with a Functional Hydrogen-Bond Cross-Linker for Preventing Protein Adsorption and Improving Tumor Accumulation[END_REF] Specifically, biotin2-PEG locates at the interface layer in liposomes since H-bonds are formed between biotin and histidine/PHPMA.

In this way, direct adsorption of proteins on the lipid bilayer of liposomes is prevented and liposome structure during circulation is stabilized. Simultaneously, owing to the low pH in the tumor extracellular matrix, the imizadole ring of histidine in linear polymers is protonated, and so releases partial biotin2-PEG from the interface layer of liposomes. The exposed biotin2-PEG can increase the tumor cell uptake of ECM-targeting liposomes from the interaction between biotin and cell membrane and can further improve the tumor accumulation. This liposome system with a functional cross-linker enables reducing proteins interaction, minimizing drug leakage, and increasing specific tumor targeting. 95 Several ways of future improvement can be envisioned. First, for efficiently targeting a tumor, an accurate imaging of it is mandatory. However, H-bonded nanomedicines and imaging probes stay so far uncombined in most reported systems. Promising strategies towards H-bonded nanomedicine combined with stable labelling will be of high interest to afford reliable theranostic platforms, in which diagnostic signals are responsive to drug release.

Another concern in clinical translation of nanomedicine stems from the safety of theranostic formulations, as their properties and the side effects are not completely understood yet.

Nanomedicine must cross and overcome several complicated biological barriers, such as cellular membranes, air-blood and blood-brain barriers in vivo, prior to activating theranostic functions. Moreover, uncontrolled migrations and depositions of nanomedicine may also adversely affect patients. Thanks to the dynamic nature of non-covalent interactions, H-bonded nanomedicine used as delivery systems can be degraded into monomers, which are immediately excreted from the bodies. More interestingly, drugs can be directly assembled, or employed as building blocks to construct H-bonded theranostics, devoid of incorporation of unnecessary additives which may be source of potential adversely interactions with the immune system.

The prognosis of single therapy treatment is always unsatisfactory: tumor recurrence and metastasis still are the main causes of mortality. Combined therapy is considered as a feasible methodology to synergistically boost the antitumor efficiency by exploiting proper benefits of each therapeutic strategies, such as chemotherapy, phototherapy, radiotherapy, chemodynamic therapy, gene therapy and immunotherapy. However, the incorporation of such diverse strategies into one nanoplatform raises new synthetic challenges. Supramolecular chemistry, including those based on H-bonding interactions, provides straightforward routes to smart nanomedicines by directly using theranostic agents as building blocks.

Despite several obstacles to clinical translations of H-bonded nanomedicine, efforts have to be paid to overcome these difficulties to propose commercially-available nanomedicines that are more effective and less expensive comparing to existing products. As interest in this promising research field continues rising, it can be anticipated that clinical translations of H-bonded nanomedicine will materialize in a near future and will contribute to great progress in cancer diagnosis, therapy and ultimately human healthcare.
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 1 Figure 1: Nanomedicines designed through H-bonding interactions, including (I) assembly of small-molecule drugs, (II) assembly of small-molecule drugs with polymeric carrier, and (III) assembly of polymeric carriers encapsulating small-molecule drugs.
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 2 Figure 2: Examples of H-bonding arrays varying the number of H-bonds and their selective association in solvent. Arrows indicate secondary electrostatic interactions (yellow: repulsive;
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 3 Figure 3: H-bonding driven CA/RT assemblies and anticancer mechanism of CA/RT nanomedicine. This figure has been reproduced from ref. 80 with permission from American Chemical Society, copyright 2018.
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 4 Figure 4: H-bonding driven Pem/Cyt assemblies for combined cancer immunotherapy with radiotherapy and chemotherapy. This figure has been reproduced from ref. 66 with permission from John Wiley & Sons, Inc., copyright 2020.

Figure 5 :

 5 Figure 5: H-bonded nanodrug particles formed from Pem and Cyt linked with β-seleno ester, and mechanism underlying H-bonded nanomedicine synergistic chemotherapy and immunotherapy. This figure has been reproduced from ref. 81 with permission from Elsevier, copyright 2022.
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 6 Figure 6: (a) Fabrication of PEG-MTX/5-FU nanoparticles via Watson-Crick G . C-like Hbonds-driven supramolecular self-assembly followed by dynamic PEGylation. (b) Illustration of tumor acidity-triggered self-targeting activation and lysosomal acidity triggered drug release of PEG-MTX/5-FU nanoparticles. This figure has been reproduced from ref. 82 with permission from Royal Society of Chemistry, copyright 2020.

Figure 7 :

 7 Figure 7: H-bonded liposome assembled from hydrophilic and hydrophobic phospholipids to afford bilayer structures in aqueous solution, and schematic representation for cellular uptake of H-bonded liposomes along with controlled intracellular DOX release. This figure has been reproduced from ref. 83 with permission from Royal Society of Chemistry, copyright 2015.

Figure 8 :

 8 Figure 8: (a) Schematic representation of urea-functional poly(ethylene glycol)-b-poly(ethylco-urea carbonate) with H-bonding interaction, (b) drug loading mediated via H-bonding

Figure 9 :

 9 Figure 9: DOX-loading and NIR-triggered drug release from H-bonding-enhanced micelles.This figure has been reproduced from ref.[START_REF] Li | Photothermal Effect-Triggered Drug Release from Hydrogen Bonding-Enhanced Polymeric Micelles[END_REF] with permission from American Chemical Society, copyright 2018.

Figure 10 :

 10 Figure 10: H-bonds mediated DOX-loading into mPEG-HRSCP-mPEG to afford the H-bonded micelles. This figure has been reproduced from ref. 85 with permission from Royal Society of Chemistry, copyright 2014.

Figure 11 :

 11 Figure 11: (a) Preparation of hollow PLGA/CS microcapsules, and (b) scheme of the most stable structures of the hydrogen-bonded complexes between 5-FU and PLGA. This figure has been reproduced from ref. 86 with permission from Elsevier, copyright 2011.

Figure 12 :

 12 Figure 12: Molecular structure of the amphiphilic peptide CA-C11-GGGRGDS and its selfassembly with MTX (a), and scheme of multiple H-bonding interactions between CA and MTX (b). This figure has been reproduced from ref. 87 with permission from Royal Society of Chemistry, copyright 2015.

Figure 13 :

 13 Figure 13: Thymine-functionalized amphiphilic biodegradable mPEG-b-PDTC diblock copolymers for enhanced loading contents and controlled release of MTX. This figure has been reproduced from ref. 88 with permission from Royal Society of Chemistry, copyright 2015.

Figure 14 :

 14 Figure 14: HCFU/IR780 co-loading and assembly to yield H-bonded nanomedicine (a), scheme of pH/thermal-triggered HCFU release and combined CT/PTT (b). This figure has been reproduced from ref. 76 with permission from Royal Society of Chemistry, copyright 2022.

  [START_REF] Wang | Supramolecular copolymer micelles based on the complementary multiple hydrogen bonds of nucleobases for drug delivery[END_REF] H-bonded micelles assembled from PCL-A/U-PEG are sufficiently stable in water, but prone to disassemble rapidly in acidic condition due to pH sensitivity of H-bonding interactions. The low cytotoxicity of H-bonded micelles was confirmed by MTT assay against NIH/3T3 normal cells. In vitro DOX release profiles from Hbonded nanomedicine is notably faster in mild acidic medium (pH =5.0) than in physiological environment (pH 7.4) . Moreover, MTT assay against HeLa cancer cells revealed that DOXloaded micelles demonstrate high antitumor efficiency.

Figure 15 :

 15 Figure 15: Micellization of self-assembled PEG-U and PCL-A for encapsulation and pH-driven controlled delivery of DOX. This figure has been reproduced from ref. 89 with permission from

Figure 16 :

 16 Figure 16: H-bonding layer-by-layer assembly of block copolymer micelles for triclosan delivery vehicles from surfaces. This figure has been reproduced from ref. 92 with permission from American Chemical Society, copyright 2008.

Figure 17 :

 17 Figure 17: Formation and destabilization of H-bonded polymeric micelles AcDEX-A:T-PEG-T:A-AcDEX from complementary multiple H-bonds of α,ω-thymine terminated PEG (T-PEG-T) and adenine-terminated acetalated dextran (AcDEX-A). This figure has been reproduced from ref. 93 with permission from Royal Society of Chemistry, copyright 2015.

Figure 18 :

 18 Figure 18: Schematic representation showing the preparation of core-crosslinked micelles based on the complementary adenine/thymine H-bonding interactions. This figure has been reproduced from ref. 64 with permission from Royal Society of Chemistry, copyright 2012.
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Figure 19 :

 19 Figure 19: H-bonded micelles formed by U-PCL/BA-PEG assembly (a), and association structure of uracil-adenine pair. This figure has been reproduced from ref. 90 with permission from John Wiley & Sons, Inc., copyright 2016.

Figure 20 :

 20 Figure 20: H-bonded single-chain polymeric nanoparticles and drug-encapsulation (a), association structure of U-DPy dimer (b). This figure has been reproduced from ref. 68 with permission from Royal Society of Chemistry, copyright 2016.

Figure 21 :

 21 Figure 21: Self-assembly of A-PPG-A micelles, magnolol encapsulating and pH/thermal responsive drug release. This figure has been reproduced from ref. 94 with permission from Royal Society of Chemistry, copyright 2020.

Figure 22 :

 22 Figure 22: H-bonded micelle formation and DOX-encapsulating/release by photosensitive U-PPG-U/A-PPG-A in aqueous solutions (a), structural representation of photo-reacted U-PPG-U, and H-bonding interactions between adenine and uracil photodimers moieties. This figure has been reproduced from ref. 91 with permission from American Chemical Society, copyright 2010.

Figure 23 :

 23 Figure 23: Polymer-incorporated liposomes were fabricated by DPPC and PEG-b-P(HPMAco-His)-Chol, followed by encapsulating of DOX into liposomal vesicle (a), ECM-targeting liposomes were formed by directly adding a biotin2-PEG into a polymer-incorporated liposome solution (b). This figure has been reproduced from ref.[START_REF] Chiang | Polymer-Liposome Complexes with a Functional Hydrogen-Bond Cross-Linker for Preventing Protein Adsorption and Improving Tumor Accumulation[END_REF] with permission from American Chemical Society, copyright 2013.

Figure 24 :

 24 Figure 24: Preparation of CAG, HA-ACV conjugate, and pH/ROS dual-responsive H-bonded nano-prodrug HCAG (a), in vivo selective anti-tumor mechanism of HCAG by ROS regeneration positive feedback process, along with the cascade-amplifying "snowballing" prodrug activation (b). This figure has been reproduced from ref. 96 with permission from Elsevier, copyright 2021.

  

Table 1 :

 1 

Acknowledgements

This work is funded by the National Natural Science Foundation of China (52173253 and 21801085). W. H. B. thanks the DFG Research Training Group RTG/GRK 2670, TP B2 Dr 43649874 for financial support. of Chemistry (2020), China National Funds for Distinguished Young Scholar (2015), and Chinese Chemical Society Youth Awards (2013).

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

Conflicts of interest

There are no conflicts to declare.