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Introduction: Perfluorocarbons as O 2 carriers

Hypoxia in malignant tumor tissue results from the imbalance between O 2 supply and consumption consequent to fast-growing tumors. Hypoxia is a characteristic of most solid tumors, and contributes directly to the development of malignancy. [START_REF] Vaupel | Tumor hypoxia and malignant progression[END_REF] Tumors can adapt their metabolism to their O 2 -depleted microenvironment through activation of hypoxia inducible factors (HIFs) that are key in shifting to anaerobic energy production processes. [START_REF] Zeng | Hypoxia and hypoxia inducible factors in tumor metabolism[END_REF].

The hypoxic microenvironment, which functions as a regulator of tumor survival and growth, [START_REF] Semenza | Hypoxia-inducible factors: mediators of cancer progression and targets for cancer therapy[END_REF][START_REF] Walsh | The clinical importance of assessing tumor hypoxia: relationship of tumor hypoxia to prognosis and therapeutic opportunities[END_REF][START_REF] Patel | Hypoxic tumor microenvironment: Opportunities to develop targeted therapies[END_REF] adversely affects the efficacy of essentially all current major cancer treatments, either directly, as for radiotherapy and photo-or sonodynamic therapy, or indirectly, as for chemotherapy and immunotherapy. [START_REF] Walsh | The clinical importance of assessing tumor hypoxia: relationship of tumor hypoxia to prognosis and therapeutic opportunities[END_REF][START_REF] Brown | Tumor hypoxia in cancer therapy[END_REF] Recent reports have reviewed the effect of O 2 carriers, including red blood cells (RBC), hemoglobin-based O 2 carriers, or metal organic frameworks in alleviating hypoxia to improve the outcomes of cancer therapies. [START_REF] Sahu | Improving cancer therapy through the nanomaterials-assisted alleviation of hypoxia[END_REF][START_REF] Feng | Oxygen nanoshuttles for tumor oxygenation and enhanced cancer treatment[END_REF] Here, we focus on perfluorocarbons (PFCs) that, either in the form of nanoemulsion droplets (NEs), microbubbles (MBs) and other PFC-based nanocarriers, can benefit to cancer therapies by delivering O 2 . PFCs are investigated for numerous biomedical uses that generally rely on a combination of specific properties, such as high biological acceptance, remarkable ability to solubilize gases, extremely low solubility in water, low surface tension, or heat transfer capacity, that cannot be attained with their hydrocarbon counterparts. [START_REF] Riess | Injectable oxygen carriers (blood substitutes) -Raison d'être, chemistry, some physiology[END_REF][START_REF] Krafft | Large organized surface domains self-assembled from non-polar amphiphiles[END_REF][START_REF] Krafft | Perfluorocarbons and perfluorocarbon emulsions for pulmonary indications[END_REF] Owing to very weak van der Waals intermolecular interactions, liquid PFCs dissolve large amounts of O 2 , which are delivered through passive diffusion to hypoxic tissues. Gas dissolution in PFCs follows Henry's law (i.e. is directly proportional to the gas partial pressure), and does not depend on directional chemical binding as in hemoglobin.

Consequently, O 2 is rapidly and extensively extracted from PFCs by hypoxic tissues. [START_REF] Riess | Injectable oxygen carriers (blood substitutes) -Raison d'être, chemistry, some physiology[END_REF][START_REF] Riess | Understanding the fundamentals of perfluorocarbons and perfluorocarbon emulsions relevant to in vivo oxygen delivery[END_REF] A perfluorooctylbromide (F-octylbromide, the conventional italicized F-suffix will thereafter mean perfluoro) nanoemulsion prevented hypoxia in pancreatic rat Langerhans islets; viability and insulin production capacity were preserved and extracellular matrix disruption was avoided. [START_REF] Sanchez-Dominguez | Prevention of adhesion and promotion of pseudoislets formation from a b-cell line by fluorocarbon emulsions[END_REF][START_REF] Maillard | Perfluorocarbon emulsions prevent hypoxia of pancreatic β cells[END_REF] A Phase III efficacy clinical trial of an F-octylbromide NE (Oxygent AF0144, Alliance Pharm. Corp., San Diego, USA) in general surgery patients established that the emulsion significantly reduced the need for allogeneic blood transfusion. [START_REF] Riess | Understanding the fundamentals of perfluorocarbons and perfluorocarbon emulsions relevant to in vivo oxygen delivery[END_REF][START_REF] Spahn | Use of perflubron emulsion to decrease allogeneic blood transfusion in high-blood-loss non-cardiac surgery: results of a European Phase 3 study[END_REF] Although PFC NEs have been tested as adjuncts to radiotherapy with encouraging results, clinical trials remained limited. [START_REF] Teicher | Restoration of tumor oxygenation after cytotoxic therapy by a perflubron emulsion/carbogen breathing[END_REF][START_REF] Rockwell | Hypoxia and radiation therapy: Past history, ongoing research, and future promise[END_REF] An Oxygent formulation administrated, along with carbogen breathing, to tumor-bearing mice immediately after chemo-/radiotherapy, significantly decreased the volume of hypoxic region. [START_REF] Teicher | Restoration of tumor oxygenation after cytotoxic therapy by a perflubron emulsion/carbogen breathing[END_REF] The medical uses of low-dose PFC NEs was progressively extended to blood pool contrast for computed tomography, magnetic resonance imaging (MRI), Doppler ultrasound (US), molecular imaging and targeted drug delivery, as well as to in vivo MRI-guided immune cell tracking. [START_REF] Ahrens | Tracking immune cells in vivo using magnetic resonance imaging[END_REF][START_REF] Schmieder | Recent Advances in 19 Fluorine Magnetic Resonance imaging with perfluorocarbon emulsions[END_REF] PFCs are also widely employed for stabilizing gas microbubbles (MBs) used in the clinic as contrast agent for US imaging. MBs can be produced and administered as such, or can result from in vivo activation of PFC NEs (the so-called phase-shift emulsions, P-SNEs) that converts liquid droplets into MBs using US or light. [START_REF] Sheeran | Design of ultrasonicallyactivatable nanoparticles using low boiling point perfluorocarbons[END_REF] Administration of PFC-stabilized MBs in conjunction with US was deemed beneficial in several theranostic approaches that can combine diagnostic imaging and ablation, histotripsy, embolotherapy, radiotherapy, photo(sono)dynamic therapy, chemotherapy, gene delivery, including across the blood brain barrier, or anti-vascular therapy. [START_REF] Schutt | Injectable microbubbles as contrast agents for diagnostic ultrasound imaging: The key role of perfluorochemicals[END_REF][START_REF] Kwan | Theranostic oxygen delivery using ultrasound and microbubbles[END_REF][START_REF] Chong | Imaging with ultrasound contrast agents: current status and future[END_REF][START_REF] Kooiman | Ultrasound-responsive cavitation nuclei for therapy and drug delivery[END_REF][START_REF] Stride | Microbubble agents: New directions[END_REF] This short review, after briefly reminding the impeding effects of hypoxia on cancer therapies, reports recent advances that demonstrate the capacity for PFC-based NEs, P-SNEs, MBs and other PFC-based nanodevices to deliver oxygen to tumors and, thereby, efficiently fight hypoxia in O 2 -dependant cancer therapies.

Hypoxia strongly hampers the efficacy of major cancer therapies

Radiotherapy (RT) uses ionizing radiations to produce free radicals, either directly in DNA, or indirectly in other cellular components, primarily water, to induce DNA damage and kill cancer cells. [START_REF] Meijer | Targeting hypoxia, HIF-1, and tumor glucose metabolism to improve radiotherapy efficacy[END_REF][START_REF] Overgaard | Hypoxic radiosensitization: Adored and ignored[END_REF] Furthermore, O 2 can stabilize the DNA damage. [START_REF] Meijer | Targeting hypoxia, HIF-1, and tumor glucose metabolism to improve radiotherapy efficacy[END_REF][START_REF] Overgaard | Hypoxic radiosensitization: Adored and ignored[END_REF] Hypoxia interferes with these processes and is a major cause of resistance to RT. An adequate O 2 supply is indeed critical for RT efficacy.

Photodynamic therapy (PDT) relies on light-induced activation of a photosensitizer (PS) that transfers energy to O 2 molecules, for generation of reactive oxygen species (ROS) such as singlet oxygen ( 1 O 2 ), and superoxide (O 2

•-) and hydroxyl (HO • ) radicals. [START_REF] Zhou | Reactive oxygen species generating systems meeting challenges of photodynamic cancer therapy[END_REF] The ROS interact with cell membrane lipids and proteins, and with DNA, exerting a cytotoxic effect.

The deficit in O 2 in hypoxic tumors critically hampers PDT by limiting critical ROS generation.

Sonodynamic therapy (SDT) is an emerging therapeutic modality similar to PDT that uses sound instead of light for activation. [START_REF] Mchale | Sonodynamic therapy: concept, mechanism and application to cancer treatment[END_REF] Its main advantage is deeper penetration of sound in soft tissues thus reaching buried tumors. Again, SDT efficacy is limited in hypoxic condition.

Hypoxia-induced chemoresistance is also a major challenge to chemotherapy. It has been associated with hypoxia-inducible factor 1 (HIF 1), drug efflux, reduced apoptosis in hypoxic tumor, hypoxia-induced autophagy, lowering of DNA repair enzymes activity, and remoteness of cancer cells from blood vessels that hampers drug delivery. [START_REF] Harris | Hypoxia -A key regulator factor in tumor growth[END_REF][START_REF] Rohwer | Hypoxia-mediated drug resistance: Novel insights on the functional interaction of HIFs and cell death pathways? Drug Resist[END_REF] Since the activity of many chemotherapeutics depends on ROS, increasing tumor oxygenation can effectively reduce hypoxia-induced chemoresistance.

Immunotherapy aims at activating the patient's own immune system to recognize and destroy cancer cells. Current cancer immunotherapies, including checkpoint inhibitors, dendritic cell vaccination, adoptive T cell therapy, and immunostimulatory agents are presently receiving considerable attention. [START_REF] Whiteside | Emerging opportunities and challenges in cancer immunotherapy[END_REF] Preclinical and clinical evidence indicate that hypoxia confers an immunosuppressive character to the tumor microenvironment, which limits infiltration of T cells in the hypoxic regions. [START_REF] Restifo | Acquired resistance to immunotherapy and future challenges[END_REF][START_REF] Li | Hypoxia-driven immunosuppressive metabolites in the tumor microenvironment: New approaches for combinational immunotherapy[END_REF] In addition, the hypoxic regions were found to be infiltrated by immunosuppressive cells, such as myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and T-regulatory (Treg) cells, which protect tumor cells from natural killer cells and T cells during tumor growth and after chemo-or immunotherapy. [START_REF] Restifo | Acquired resistance to immunotherapy and future challenges[END_REF][START_REF] Li | Hypoxia-driven immunosuppressive metabolites in the tumor microenvironment: New approaches for combinational immunotherapy[END_REF] Hypoxia also promotes evasion of immune checkpoint proteins such as PD-L1 through HIF-1α-dependent upregulation. [START_REF] Li | Hypoxia-driven immunosuppressive metabolites in the tumor microenvironment: New approaches for combinational immunotherapy[END_REF] Adenosine, an important immunomodulatory metabolite that accumulates in hypoxic tumors, is a potent T cell inhibitor. [START_REF] Sitkovsky | Hostile, hypoxia-A2adenosinergic tumor biology as the next barrier to the tumor immunologists[END_REF][START_REF] Hatfield | A2A Adenosine receptor antagonists to weaken the hypoxia-HIF-1α driven immunosuppression and improve immunotherapies of cancer[END_REF] Adenosine is excreted by tumor cells into the extracellular tumor matrix, resulting in infiltration and accumulation of Treg. [START_REF] Hatfield | A2A Adenosine receptor antagonists to weaken the hypoxia-HIF-1α driven immunosuppression and improve immunotherapies of cancer[END_REF][START_REF] Facciabene | Tumour hypoxia promotes tolerance and angiogenesis via CCL28 and Treg cells[END_REF] Importantly, it was demonstrated that supplemental O 2 can act as a novel immune checkpoint inhibitor by disrupting the hypoxia-adenosine-A2aR pathway. [START_REF] Hatfield | Immunological mechanisms of the antitumor effects of supplemental oxygenation[END_REF] PFC nanoemulsions for oxygen delivery to tumors

PDT was augmented by a F-hexane NE coated with a phospholipid shell loaded with a near-infrared (NIR) photosensitizer (PS; IR780) in a mice tumor model. [START_REF] Cheng | Perfluorocarbon nanoparticles enhance reactive oxygen levels and tumour growth inhibition in photodynamic therapy[END_REF] This enhanced activity was assigned to supplemental O 2 provided by the PFC for generating 1 Hypoxia-induced resistance to cisplatin was alleviated by administration of a preoxygenated phospholipid-coated F-octylbromide NE along with carbogen breathing (Fig. 2). [START_REF] Song | Overcoming hypoxia-induced chemoresistance to cisplatin through tumor oxygenation monitored by optical imaging[END_REF] Figure 2 Effect of PFC nanoemulsions on hypoxia-induced chemoresistance.

A) Lung tumor growth in mice treated with preoxygenated F-octylbromide nanoemulsion (OxyPN+O 2 ), free cisplatin (CPT), free cisplatin under hyperoxic breathing (CPT+O 2 ) or cisplatin + preoxygenated F-octylbromide nanoemulsion (CPT+OxyPN+O 2 ); B) tumor growth rate; C) tumors removed in animals of each group; and D) percentage of apoptotic cells in tumors. From [START_REF] Song | Overcoming hypoxia-induced chemoresistance to cisplatin through tumor oxygenation monitored by optical imaging[END_REF].

PFC phase-shift nanoemulsions: Exploiting the beneficial features of both liquid nanodroplets and gas bubbles

Small-size PFC NEs benefit from enhanced permeability and retention effect (EPR)- In addition to the EPR effect that enables passive therapeutic nanocarrier uptake into tumors, and targeting to malignant cells via conjugation with antibodies or cell-specific peptides, an alternative strategy for nanocarrier delivery to tumors involves their uptake by immunocompetent cells (e.g. monocytes/macrophages). These cells are then recruited into the tumor to act as cellular "Trojan horses" to deliver their therapeutic payload. 

A further option: administration of PFC-stabilized O 2 microbubbles

The FDA-approved PFC-stabilized MB products used for contrast-enhanced US imaging 

More PFC-based nanocarrier opportunities

The O 2 -delivering efficacy of self-assembled nanocarriers such as micelles made of fluorinated amphiphilic co-polymers has been reported. Micelles of a copolymer comprising F-phenyl groups, a porphyrin and poly(ethylene glycol) (PEG) chains increased PDT efficacy;

the production of singlet oxygen increased with F-phenyl to porphyrin ratio. [START_REF] Que | Enhancing photodynamic therapy efficacy by using fluorinated nanoplatform[END_REF] Chlorin e6 (Ce6)-loaded micelles of a F-alkylated polyethyleneimine-derived polymer provided effective PDT. [START_REF] Wang | Fluorinated polymeric micelles to overcome hypoxia and enhance photodynamic cancer therapy[END_REF] Micelles of a pegylated F-poly(-amino ester) were co-loaded with Ce6 and NLG919, an inhibitor of indoleamine 2,3-dioxygenase (IDO, an oxidoreductase expressed in various neoplastic cells that catalyzes the catabolism of tryptophan into kynurenine). These fluorinated micelles inhibited the growth of both primary and metastatic tumors in mice (Fig. 4). 

  O 2 , and to increased half-life of 1 O 2 in the PFC, versus cellular environments. An IR780-loaded, Ftripropylamine/human serum albumin (HAS) NE enhanced PDT efficiency by prolonging 1 O 2 generation and by allowing uniform dispersion of the dye in the albumin layer, thus preventing self-quenching and extending the PS triplet-state lifetime.[40] Solubilization of a porphyrin grafted with fluorinated chains (F-chains) inside a PFC (F-decalin/F-tripropylamine) NE reduced PS leakage, efficiently boosted 1 O 2 generation and increased PDT efficiency in cellulo.[41] A low-power/low-frequency US pulse released at the tumor site the O 2 adsorbed in the lungs by a F-15-crown-5-ether/HAS NE.[42] This O 2 shuttle dramatically enhanced tumor oxygenation and improved the outcomes of PDT and RT of various types of solid tumors in mice (Fig. 1).
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  mediated tumor accumulation due to leaky tumor vessels, and from US-induced permeabilization of the tissue structure. MBs present unique responsiveness to US for contrast imaging and O 2 -release control. Vaporization of NE droplets of a volatile PFC generates MBs that can provide tumor oxygenation for enhanced cancer therapy.[20] Small doses of a F-pentane P-SNE (NVX-108, NuvOX Pharma, Tucson), emulsified with a pegylated F-surfactant, increased the tumor O 2 partial pressure by up to 400% (when combined with carbogen and radiation) in a hypoxic pancreatic tumor xenograft in mice, resulting in a twofold reduction in average tumor volume.[52] A Phase Ib/II chemoradiation clinical trial of NVX-108 in 11 patients with glioblastoma indicated safety and significant decrease in tumorvolume.[START_REF] Graham | Overcoming tumor hypoxia as a barrier to radiotherapy, chemotherapy and immunotherapy in cancer treatment[END_REF] 

  [54] Fpentane P-SNEs and doxorubicin-containing poly(acrylic acid-co-distearin acrylate) NPs were thus co-loaded into bone marrow-derived monocytes by phagocytosis.[START_REF] Huang | Tumortropic monocyte-mediated delivery of echogenic polymer bubbles and therapeutic vesicles for chemotherapy of tumor hypoxia[END_REF] After administration to pre-irradiated tumor-bearing mice and exposure to remote-controlled focused ultrasound (FUS), the therapeutic monocytes accumulated in the tumor and induced apoptosis of cancer cells.

  are currently investigated for multiple indications, including O 2 -delivery in cancer-related applications. For example, US-triggered destruction of O 2 -loaded lipid-shelled F-butane MBs provided Rose Bengal-mediated SDT along with paclitaxel and doxorubicin chemotherapy, leading to reduced cancer cell viability in a spheroid model of human breast cancer and to decreased tumor growth in mice.[56] These MBs were also investigated for antimetabolite therapy (with antimetabolite 5-fluorouracil attached to the MB surface).[57] US-triggered destruction of O 2 MBs osmotically stabilized by a tiny amount of F-butane significantly enhanced O 2 delivery for local tumor hypoxia alleviation, thus providing image-guided O 2 delivery.[22] F-propane-stabilized lipid-shelled O 2 MBs substantially elevated pO 2 in breast tumor upon US activation in rabbits.[58] Phospholipid-coated MBs of sulfur hexafluoride (SF 6 , another F-chemical used for MB stabilization) (SonoVue, Bracco Diagnostics, Milan, Italy) elicited an immunological anticancer response when exposed to low-pressure pulsed FUS.[59] Increased tumor microvasculature permeability and suppressed tumor progression in colorectal tumor-bearing mice were demonstrated (Fig. 3). A continuous infiltration of cytotoxic CD8+ T lymphocytes was observed, which was deemed to result from the alterations in the tumor microenvironment produced by the SF 6 MBs. The CD8+/Treg ratio increased significantly, and tumor growth was inhibited, especially in the initial days following treatment.
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