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Blood disorder diseases (BDDs), also known as hematologic, is one of the diseases owing to hematopoietic system disorder. Chemotherapy, bone marrow transplantation, and stem cells therapy have been used to treat BDDs. However, the cure rates are still low due to the availability of the right type of bone marrow and the likelihood of recurrence and infection. With the rapid development of nanotechnology in the field of biomedicine, artificial blood or blood substitute has shown promising features for the emergency treatment of BDDs. Herein, we surveyed recent advances in the development of artificial blood components: gas carrier components (erythrocyte substitutes), immune response components (white blood cell substitutes), and hemostasis-responsive components (platelet substitutes). Platelet-inspired nanomedicines for cancer treatment were also discussed. The challenges and prospects of these treatment options in future nanomedicine development are discussed.
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INTRODUCTION

Blood disorder diseases (BDDs), also known as hematologic, is one of the diseases owing to hematopoietic system disorder. BDDs can be broadly classified into three categories, red blood cell disease, white blood cell disease, and platelet disease. Among BDDs, iron deficiency anemia, leukemia, hemophilia, and malignant lymphoma are most widely known. Taking leukemia as an example, the early stage is extremely difficult to cure, resulting in high mortality rate. In 1948, Farber et al. realized a temporary remissions in acute leukemia, providing a promising direction for leukemia treatment (Farber and Diamond, 1948).

Researchers discovered that chemotherapy may be an effective means of treating BDDs with the high risk of causality due to immune system damage. The similar challenge exists in the bone marrow transplant treatment, which transplants normal human hematopoietic stem cells into the patient and rebuilds the patient's immune and hematopoietic system. A matching donor is rare to find, and the treatment cost is not affordable. Hematopoietic stem cells are rich in cord blood (CB), which could be considered as a bone marrow substitute. CB cells can be used for infusion therapy in special situations, because it allows a certain degree of leukocyte antigen mismatch. Patient survival rate could be improved by umbilical cord blood transplantation, such as the injection of two units of cord blood cells, or ex vitro expansion of cord blood cells (Pelosi et al., 2012). To date, this technology has been used for BDDs treatment, but some patients died of bacterial infection due to the insufficient doses (Maeda et al., 2005).

A great variety of methods for BDDs treatment have been developed in recent years. For example, as for severe thalassemia treatment, deferoxamine, or deferiprone is often used as a chelating agent to bind unstable iron to eliminate a series of effects from excessive iron content (Maggio, 2007). It was found that rituximab, an anti-CD20 monoclonal antibody, specifically depletes B cells, and reduces their damage to blood proteins or cells (Barcellini and Zanella, 2011). In addition, the modification or deletion of the telomere gene was found beneficial for the treatment of hematological diseases resulting from random or malignant transformation of hematopoietic function due to telomere shortening (Allegra et al., 2017). Genetic engineering has been attracted increasing attention for BDDs treatment. Townes et al. derived embryonic stem cells and then performed homologous recombination in vitro to change the pathogenic gene of sickle-shaped anemia, replacing the normal gene copy βββA with the disease-causing gene βββS (Townes, 2008). The diseased mice returned to normal and produced high levels of human hemoglobin. Osborn et al. efficiently induced double-stranded DNA breaks by the clustered regularly interspaced short palindromic repeats/associated protein 9 (CRISPR/Cas9) method, specifically editing clinically relevant T cell receptor alpha constant (TRAC) gene targets that are highly correlated with leukemia (Osborn et al., 2016). Compared with patients with non-hematologic malignancies, hematological malignancies, such as chronic lymphocytic leukemia, acute lymphoblastic leukemia, and non-Hodgkin's lymphoma, chimeric antigen receptors T cells (CAR T), had shown higher overall response rate and complete response rate.

Nanomedicine is a new branch of medicine that applies nanotechnology to traditional medical development. Nanomedicine focuses on designing a specific combination of nanomaterial (e.g., nanoparticle, nanocarrier, and nano-vesicle) and small molecules to conceive a biocompatible carrier for delivering drugs to cancer sites effectively (Wicki et al., 2015). The effective component could be a polypeptide, a protein, a nucleotide, or a small molecule drug. Compared with traditional medicines, nanomedicine appears to be able to avoid the body's defense mechanisms, reduce the clearance rate, prevent tissue damage through regulated drug release, and improve the pharmacokinetics and biodistribution of the drug. The nanoscale component to build a nanomedicine include: polymer nanoparticles (NPs), liposomes, metal NPs, carbon nanotubes, and molecularly targeted NPs. For instance, polymer nanoparticles are often composed of hydrophobic core and hydrophilic shell, on which specific targeting moieties were coated. Quintana et al. attached folic acid, methotrexate and fluorescein to polyamidoamine dendrimer, and the targeted delivery improved the cytotoxic response of the cells to methotrexate 100-fold over free drug (Quintana et al., 2002). In addition to conventional intravenous and oral medications, lung infection disease was treated by inhalation of NPs as an adjuvant therapy (Blum et al., 2014; Jurek et al., 2014). Marrache et al. used a targeted high-density lipoprotein (HDL)-mimicking NP with contrast agents to detect vulnerable plaque and initiate preventative therapy for atherosclerosis (Marrache and Dhar, 2013).

By 2016, 14 nano-drugs for clinical treatment was approved by U.S. Food and Drug Administration (FDA). In addition, FDA approves 18 nanomedicines for cancer chemotherapy in clinical trials, 19 nanopharmaceutical formulations for being developed and clinically tested, and 15 antibacterial nano-formulations for being developed (Caster et al., 2017). The development of common clinical nano-formulations appear to reduce toxicity rather than improve efficacy (Caster et al., 2017). The cytotoxicity and the stability in complex biological environments are still under debate and limit the progresses of nano-drug development (Lim et al., 2016). On December 21, 2018, FDA approved the first treatment for rare BDDs by granting Elzonris (tagraxofusp-erzs) infusion for the treatment of blastic plasmacytoid dendritic cell neoplasm (BPDCN) in adults and in pediatric patients (2 years or above) (FDA, 2018). Tagraxofusp-erzs is a cytotoxin that a protein is comprised of human IL-3 and truncated diphtheria toxin (DT), and it targets cells that express CD123, the alpha chain of the IL-3 receptor, which is overexpressed in BPDCN (Jen et al., 2019). The drug is preferentially accepted by CD123-overexpressed cells and initiates irreversible protein synthesis to cause cell death.

Despite of the excitement of the emerging of above-mentioned nanomedicines, direct blood transfusion of whole blood is preferred, if available, to efficiently treat BDDs. However, the storage of whole blood is challenging, due to short shelf life and the risk of infection by pathogenic bacteria (Hess, 2006; Greening et al., 2010). Most of the whole blood in the blood bank are donated by volunteers. At the beginning of the twentieth century, private blood sales led to the ravage of Human Immunodeficiency Virus (HIV) and Hepatitis B Virus (HBV) as a result of the lack of general health knowledge and safety awareness, especially in some economically backward developing countries. Taking China as an example, with the development of the country's economy, the need of blood donation, according to the National Health Service of China, has become desperately larger, but the public awareness of blood donation still falls behind. The blood banks' inventory became in shortage. Whole blood transfusion is often used for the patients after major surgeries or with BDDs, such as acute anemia. Therefore, the synthesis of blood substitutes as a supplement to the natural blood bank has become an urgent need.

Herein, we demonstrate recent advances in artificial blood components: gas carrier components (erythrocyte substitutes), immune response components (white blood cell substitutes), and hemostasis-responsive components (platelet substitutes). Moreover, the development of platelet-inspired nanomedicines was discussed. The challenges and prospects of these treatment options in future development are discussed.



NANOMEDICINES FOR THE GAS-CARRIER COMPONENT


Hemoglobin-Based Red Blood Cells Substitutes

The three key components of human blood are red blood cells (RBCs), white blood cells (WBCs), and platelets. The main function of RBCs is to serve as a gas carrier component for transporting oxygen and carbon dioxide. As discussed, RBC substitutes may be an alternative solution for emergency blood transfusion for BDDs treatment. The advantages of RBC substitutes include: (a) no surface antigens; (b) more convenient to store than natural blood; and (c) function as effectively as hemoglobin.

More than three decades ago, researchers extracted RBCs from expiring human or animal blood samples, broke the cells and centrifuged, and collected cell-free hemoglobin (Kothe et al., 1985), which was considered as an early version of RBC substitute. This hemoglobin solution showed the capacity of expanding oxygen delivery (Kaplan and Murthy, 1975), whereas the short effective time led to hypoxia-induced poisoning of liver, kidney, brain, and other organs (Friedman et al., 1978, 1979; White et al., 1986).

Chemical crosslinking of hemoglobin monomers was reported to eliminate the adverse effects of hemoglobin. For example, Biro et al. tested the effects of whole blood, unmodified stroma-free hemoglobin solution (SFHS), and partially cross-linked hemoglobin solution on coronary vessels in anesthetized open-chest dogs (Biro et al., 1988). The results showed that unmodified SFHS significantly caused vasoconstriction compared with whole blood perfusion. Blood vessels do not shrink when SFHS is subjected to pyridyloxylation (partial crosslinking). Infusion of adenosine in the coronary artery did not improve this condition. The results indicate that unmodified hemoglobin preparations cause coronary artery contraction in dogs and have an effect on their normal blood circulation (Biro et al., 1988). When the RBC lysate is covalently linked by adenosine triphosphate (ATP) or pyridoxal phosphate and purified by agarose nucleophilic chromatography, it can cause vasoconstriction of the coronary artery. This may be caused by the covalent modification, or that nucleophilic chromatography removes membrane phospholipids and denatured protein aggregates (Vogel et al., 1987; Lang et al., 1990).

Diaspirin cross-linked hemoglobin (DCLHb) is a modified hemoglobin that the two α helix units were crosslinked while the molecule maintains a tetramer conformation (the structure is shown in Table 1). DCLHb had shown a strong oxygen carrying capacity. DCLHb was in the treatment of severe traumatic hemorrhagic shock: a randomized controlled efficacy trial. Early experiments showed that DCLHb was well-tolerated and had shown no obvious functional disorders or toxicity (Przybelski et al., 1999). However, Sloan et al. found that the input of DCLHb resulted in an increase in patient mortality compared to the control group (Sloan et al., 1999). A more in-depth study found that it was well-tolerated at low doses (50–200 mg/kg) (Bloomfield et al., 1996; Przybelski et al., 1996), whereas some side effects, such as yellowing skin, hemoglobinuria, and jaundice, were observed at high doses (680–1,500 mg/kg). Taken together, DCLHb could be an alternative blood supply for patients with rare blood types or for emergency usage during the shortage of blood bank inventory (Reppucci et al., 1997; Schubert et al., 2002, 2003).


Table 1. Nanomedicines for the gas-carrier component.
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Polymerized hemoglobin (PolyHeme, the structure is shown in Table 1) appeared to be a safer oxygen-carrying resuscitation fluid than DCLHb. It is a hemoglobin polymer complex formed by crosslinking adjacent α subunit and β subunit. In 1998, PolyHeme was first applied in trauma and emergency surgery, showing good tolerance and safety (Gould et al., 1998). Subsequent experiments showed that total hemoglobin level could be maintained by infusion of PolyHeme alone, thereby increasing the survival rate of patients with RBCs in critical situations (Gould et al., 2002). In addition to PolyHeme, researchers found that bovine aggregated hemoglobin (HBOC-201) was found to be able to keep up the hemoglobin level (Levy et al., 2002). In their work, a randomized, double-blind trial of HBOC-201 for patients undergoing heart surgery was conducted. After blood transfusion with HBOC-201, one third of patients survived without additional supply of RBCs. This indicates that HBOC-201 transfusion might be an alternative treatment for patients with moderate to severe anemia after cardiac surgery. Studies had shown that HBOC-201 is an effective oxygen carrier for most patients (Dong et al., 2006; Mackenzie et al., 2010); however, high vasoactivity-related adverse effects were found in the seniors with partial orthopedic surgery (Freilich et al., 2009).

Instead of cross-linking modification of hemoglobin, poly (ethylene glycol) (PEG) modified hemoglobin had attracted increasing attentions. For example, Nho et al. experimented with PEG-bovine hemoglobin in a low blood volume-bleeding shock model in dogs. The results showed that PEG-bHb has a longer half-life in blood vessels and no significant adverse effects compared to native hemoglobin (Nho et al., 1992). Björkholm et al. found that in a single-blind clinical trial of 12 volunteers they did not show any adverse symptoms at a dose of 50 mg/kg. When the dosage was increased to 100 mg/kg, the levels of amylase and lipase were slightly higher than normal (Bjorkholm et al., 2005). Hemospan is a PEG-modified human hemoglobin product developed by Sangart Inc and is also a widely used clinical preparation of RBCs substitutes. Eight PEG molecules were attached to the specific sites on α globulin and β globulin (Vandegriff et al., 2008), as depicted in Table 1. The purpose of this design is to prolong the retention time in blood vessel by increasing molecular weight, to increase the oxygen affinity, and to prevent it from early unloading (Vandegriff and Winslow, 2009). Olofsson et al. conducted a safety study in old patients undergoing selective hip arthroplasty and found that Hemospan is well-tolerated. No high frequency of adverse events from infusion to 24 h were observed along with a slight increase in liver enzymes and lipase (Olofsson et al., 2006). In a more recent study, Cooper et al. reported an PEGlated Hb engineered with tyrosine residues (Cooper et al., 2019), and it showed an increased vascular half time compared to wild type PEGlated Hb. The tyrosine residues were believed to enhance the reducibility of Hb and decrease adverse side effects, such as autooxidation.

Hemoglobin molecules were encapsulated in liposome particles (see Table 1), and the surface of the particles was attached with PEG-conjugated phosphatidylethanolamine (Sakai et al., 1997). Such HbV-PEG were found to be less prone to flocculation than unmodified hemoglobin vesicles. Animal experiments demonstrated that in comparison with the control group greater blood flow and faster gas exchange rates were observed for the group that had a 90% exchange transfusion with HbV-PEG/albumin (Sakai et al., 1997). Other Hb encapsulation protocols include polymersomes, hydrogels, or porous microparticles (Baudin-Creuza et al., 2008; Piras et al., 2008; Jia et al., 2016).

Devineau et al. reported a new strategy to form Hb-based oxygen carriers by directly adsorbing Hb onto the surface of silica NPs (Devineau et al., 2018). The authors claimed that the tetrameric structure of Hb was retained for carrying oxygen and the Hb-silica NPs complex has the potential to prevent the release of free Hb, which may lead to acute renal toxicity.

In summary, the development of nanomedicine for the application of Hb-based oxygen carriers should meet the four requirements (Benitez Cardenas et al., 2017): efficient oxygen delivery, low rates of NO scavenging, resistance to oxidative degradation, and high production yields. Chemical modification (such as cross-linking) and nano-carrier assistance are two main approaches to develop Hb-based nanomedicines for carrying oxygen. Prior to clinical trials, the latter requires more characterizations on structure and stability and more efforts to ensure the Hb-loading rates (Jansman and Hosta-Rigau, 2018). While site-specific mutations of Hb molecules had been engineered to enhance oxygen affinity, the intact Hb molecules that maintain the tetrameric structure were adopted and integrated into artificial nanostructures, either being attached onto nanocarrier's surface or encapsulated inside the nanocarrier. PEGlation provide a better bio-compatibility and enhance retention time. On one hand, molecular engineering would design protective pockets or formations to prevent oxidative molecules from penetrating the Hb, which leads to the degradation of Hb. On the other hand, adding antioxidation residues, such as tyrosine, into the mutated Hb molecule could lower the chance of autooxidation of Hb.



Non-hemoglobin-Based Red Blood Cells Substitutes
 
Perfluorocarbon-Based Blood Substitutes

Perfluorocarbons (PFCs) emulsions are the first hemoglobin-free RBC substitutes discovered by scientists. PFCs were found to have oxygen and deoxygenation functions. Perfluoro compounds are saturated fluorocarbon molecules that have strong oxygen affinity. In early clinical practice, PFCs emulsions were administered intravenously directly or via a carrier and then left in the liver. However, some PFCs molecules hardly remain in the liver and are rapidly excreted through the breath and skin. Unlike hemoglobin-dependent RBC substitutes, PFCs solutions are white and are therefore referred as white blood.

In 1975, Yokoyama et al. first prepared a low-toxicity perfluorodecalin emulsion (the structure is shown in Table 1), which eliminated the disadvantage of the previous perfluoro compound that it accumulates in the body due to poor metabolism (Yokoyama et al., 1975). Subsequently, Naito et al. (Naito and Yokoyama, 1978) prepared a mixed emulsion, namely Fluosol-DA emulsion (the structure is shown in Table 1), containing perfluorodecalin, perfluorotripropylamine, hydroxyethyl starch, and Krebs-Ringer bicarbonate solution. It showed a significantly increase of the amount of oxygen delivered to the patient. Although it was prone to accumulate in the liver and spleen, it could be cleared by the lungs for a certain period of time (Tremper et al., 1980, 1982; Suyama et al., 1981; Spence et al., 1994). Fluosol-DA showed a high oxygen-carrying capacity, but its effectiveness appeared to be insufficient in certain critical situations, such as anemia patients with moderate and severe blood loss (Gould et al., 1986). Because of low durability and stability in the blood vessel as well as the complexity of configuration and use, continuing development of Fluosol-DA was hindered (Riess, 1992). Oxygent, i.e., perfluorooctyl bromide, is the second generation of PFCs emulsions and had been with a wide range of applications. Oxygent has more outstanding advantages than Fluosol-DA. First, it has a stronger oxygen carrying capacity. Second, it is more convenient to prepare and use without mixing different components. Third, it has a longer shelf life, i.e., it can be stored for more than 1 year at 5–8°C (Riess, 1992).

Keipert et al. investigated the feasibility of applying Oxygent as a blood substitute during surgery for patients under consciousness and anesthesia (Keipert, 1995). The results showed that in the state of continuous blood loss, the low level of Oxygent was able to ensure oxygen delivery, along with two side effects at high concentrations: body temperature rises (by 1–1.5°C in 4–6 h) and platelet count reducing. The results suggested that Oxygent could be used as a blood substitute for the patient of low-blood loss surgery. In addition to being an oxygen carrier, PFCs were found to selectively increase the radiation sensitivity of tumors, which could be beneficial for an adjuvant treatment of cancer (Teicher et al., 1992; Keipert, 1995). However, flu-like side effects were documented (Lane, 1995). In 1978, Sanders et al. synthesized a new PFCs compound, FC 75 (the structure is as shown in Table 1). Through potential measurement and program-induced hypoxia, FC-75 supplied oxygen to the nerves at the treatment site (Sanders and Schick, 1978). Motta et al. prepared an emulsion contains 20% perfluorotributylamine (see Table 1 for chemical structure) in 1981 for blood replacement in rabbits (Motta et al., 1981). Rabbit vital signs showed normal within 24 h of transfusion, and tissue analysis results indicated that it could act as a good oxygen carrier, despite of low toxicity.

Dodecafluoropentane (DDFPe, see Table 1 for chemical structure) is a special oxygen carrier with high oxygen affinity and transport capacity. It showed obvious protective effects on oxygen-dependent organs, such as brain and heart (Woods et al., 2013; Strom et al., 2014). Therefore, it has been developed for the treatment of brain damage and hemorrhagic shock (Moon-Massat et al., 2014). Intravascular fluorocarbon-stabilized microbubbles were reported to protect against fatal anemia in rats, since the oxygen carried in the microbubble was supplied for the brain functions for a certain period of time (Culp et al., 2015). As a carrier, DDFPe carries oxygen but also small molecule drugs at the same time. For example, thrombolytic drug tPA in a rabbit model of ischemic stroke or ischemic stroke (Nishioka et al., 1997; Borrelli et al., 2014). After targeted binding to blood clots suspended in the flow chamber, ultrasound was used to release oxygen or drugs. DDFPe mainly accumulates in the brain, but most of them can be removed within 2 h (Arthur et al., 2017). In a more recent study, Bonanno et al. investigated the efficacy of the DDFPe as an adjunct to prehospital resuscitation (Bonanno et al., 2018). The authors found that adding DDFPe into fresh frozen platelet does not improve survival or enhance tissue oxygenation.

The study of pulmonary mechanics in ventilator-assisted PFCs treatment in animals were conducted. In 1991, Fuhrman BP et al. used a conventional ventilator to add a normal residual volume of PFCs solution (30 ml/kg) to the piglet trachea. It was found that PFCs were able to directly participate in normal gas exchange in the lungs and did not cause significant adverse effects on piglets (Fuhrman et al., 1991). Experiments in lambs with respiratory distress syndrome have also demonstrated the feasibility of this approach. When using conventional ventilators, PFCs promoted the release of oxygen and carbon dioxide, thereby increasing blood oxygen levels in lambs (Leach et al., 1993).

In the treatment of respiratory failure in rabbits caused by saline lung lavage, the incidence and mortality rates were higher when treated with positive respiratory mechanical ventilation than that with a series of perfluoroether aeration treatments (Tutuncu et al., 1993). It had been found that adequate lung gas exchange could be maintained for hours at lower airway pressures. In 1996, Gauger et al. first conducted a PFC preliminary trial of children with acute respiratory distress syndrome (Gauger et al., 1996). The tested patients were six children extracorporeal life support (ECLS). After 2–9 days of ECLS, PFCs were added into the trachea and perform PFCs-filled lung gas ventilation (partial fluid ventilation). The cumulative amount of PFCs was 45.2 ± 6.1 mL/kg (range 30–72.5). The results showed that ECLS patients had a brief, normal respiratory exchange in the presence of PFCs. This indicates that PFCs can be safely used in the lungs of children with severe respiratory failure. Likewise, Pranikoff et al. investigated the biocompatibility of a perflubron (perfluorobromooctane) via a safety test in neonates with congenital diaphragmatics and severe respiratory failure (Pranikoff et al., 1996). PFCs was reported to enhance partial pressure of oxygen in animals with abnormal lungs (Hernan et al., 1994; Tutuncu et al., 1996). These studies have shown that PFCs can improve lung function and reduce the cost of intensive care for lung diseases.

PFC is a safe and mature oxygen carrier that can be directly chemically synthesized and has been widely used in medical treatment. As mentioned earlier, PFC molecules are generally emulsified to form particles (in micro level) and to be used as an oxygen carrier, and the emulsifier eventually decomposes in the body. The oxygen transport of PFC particles was well-known with a linear relationship between PaO2 and oxygen content, which contrasts with the sigmoidal oxygen dissociation of blood (Alam et al., 2014). Two main advantages of PFC-based oxygen transport to improve efficacy are: (a) PFC particles perfuse in the microcirculation of capillaries where no RBCs may flow; and (b) the oxygen carried by PFC particles is in dissolved state. Inspired by the PFC-based oxygen transport, PFC-base NPs were developed for multi-task nanomedicines, including bioimaging contrast agents and drug delivery carriers for diagnosis and treatment of diseases (Winter, 2014).



Heme-Based Blood Cell Substitute

Heme is a cyclic molecule composed of four pyrrole subunits surrounding a ferrous ion, which are most commonly recognized as one of the key components of hemoglobin. In the early studies, a ferrous porphyrin complex was embedded in a phospholipid bilayer of liposome to synthesize a liposome-heme complex (Tsuchida et al., 1988), as shown in Table 1. Tsuchida et al. converted the synthetic protohemoglobin into an amphiphilic heme molecule and encapsulated it in liposome. The liposome composite has a particle size of <0.1 micron. Compared to blood, the modified liposome heme has a faster oxygen reversible binding rate, a higher oxygen solubilization volume, and better stability. It also has smaller molecular weight than RBC. Artificial lung device test results indicate that the synthesized liposome heme can successfully deliver oxygen to muscle tissue (Tsuchida et al., 1988). The liposome heme molecule reversibly binds molecular oxygen in a neutral aqueous medium at 37°C. The oxygen adduct has an oxygen binding affinity (p 1/2) of about 50 mmHg and a half-life of half a day (Tsuchida et al., 1984). In addition, the iron (II) “picket fence porphyrin” complex with one hydrophobic imidazole is also incorporated into phosphatidylcholine molecules (the component of the phospholipid bilayer). Results have shown that The liposomal iron(II) porphyrin complex can be reversible with serum in the blood of rat at 25°C.





NANOMEDICINES FOR THE IMMUNE-RESPONSIVE COMPONENT

In the blood, white blood cells (WBCs) are directly related to the immune regulation. WBCs can be deployed to the invasion site of the pathogenic microorganism, surrounded by phagocytosis, or the surface antigen being presented, and the signal is transmitted to the B cell or the T cell to exert the immune regulation function of the human body. BBDs caused by imbalances in WBCs often lead to the problems with immune response.

WBCs are a general term for a vast variety of immune cells, which generally include granulocytes, monocytes and lymphocytes. Among them, monocytes are precursors of macrophages. Macrophages have two common phenotypes, M1 (classically activated macrophage) and M2 (alternative lyactivated macrophage). M1 releases killing substances or pro-inflammatory factors from exogenous microorganisms or tumor cells, which promotes Th1 response. M1 has a distinct feature of high expression of IL-12 and low expression of IL-10. M2 repairs damaged tissues or releases anti-inflammatory factors, promoting Th2 response and expressing high IL-10 and low IL-12.

During the process of tumor growth, macrophages are mostly converted to the M2 phenotype that promotes tumor growth, and the nuclear factor-k-gene binding (NF-kB) signal is down-regulated (Xiang et al., 2018). The patient's immune system is unable to effectively recognize antigenic substances and initialize proinflammatory responses, thereby facilitating the proliferation and metastasis of tumor cells. Studies have shown that the differentiation of macrophages into the M2 phenotype may be caused by prostaglandin E2 (PGE 2) and interleukin 6 (IL-6) produced by tumor cells (Heusinkveld et al., 2011). However, tumor-induced M2 cells could be retransformed into activated M1 cells by stimulation (Heusinkveld et al., 2011). This provides a new idea for the treatment of tumors. M2 type macrophages (e.g., tumor-associated macrophages, TAMs) have been reported to overexpress the mannose receptor (Bhargava and Lee, 2012). Zhu et al. invented a nanoplatform targeting TAMs (Zhu et al., 2013). The preparation process and characterization results of the poly(lactic-co-glycolic acid) (PLGA)-based NPs are shown in Figure 1. The biodegradable PLGA NPs were modified with mannose (targeting TAM) and PEG, as shown in Table 2. The results indicate that the NPs can be taken up by normal macrophages and the TAMs via being targeted by mannose and its receptor after exfoliating PEG molecules under acidic microenvironment conditions (favorable for tumor). The platform has the potential to carry and deliver cancer drugs Doxorubicin (DOX) to treat triple-negative breast cancer (TNBC) (Niu et al., 2016). The results showed that a single intravenous injection of the NPs significantly reduced the M2 macrophage population in the tumor within 2 days, and the density of macrophages slowly recovered. It could be more effective if multiple injection of NPs or pre-treatment with zoledronic acid was carried out.


[image: Figure 1]
FIGURE 1. Preparation (A) and characterization (B,C) of PLGA-based nanoparticles (NPs). Reproduced with permission from (Zhu et al., 2013).



Table 2. Nanomedicines for the immune-responsive component.
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Besides mannose, the targeting moiety could be cholesterol (Chen et al., 2013) or epidermal growth factor (EGF) (Zhang et al., 2016). Chen et al. used poly (amidoamine) to graft different percentages of cholesterol (rPAA-Ch) for siRNA delivery (Chen et al., 2013). The structure of NPs is shown in Figure 2 and Table 2. The results showed that the Poly(amidoamine)-cholesterol polymer forms a stable nanocomposite that was taken up by cells and had a strong in vivo inhibitory effect for tumor growth. Zhang et al. simultaneously delivered DOX and B-cell lymphoma-2-small interfering RNA(Bcl-2-siRNA) with an EGF-modified NPs (as shown in Table 2) to investigate their therapeutic effects on lung cancer (Zhang et al., 2016).


[image: Figure 2]
FIGURE 2. Nanostructured siRNA-coated and mediated gene silencing. The Poly(amidoamine)-cholesterol polymer forms a stable nanocomposite that was taken up by cells and had a strong in vivo inhibitory effect for tumor growth. Reproduced with permission from Chen et al. (2013).




NANOMEDICINES FOR HEMOSTASIS-RESPONSIVE COMPONENT

Platelets are the smallest cells in the blood and have no nucleus, generated from megakaryocytes in the bone marrow. Molecular mechanisms of platelet-mediated hemostasis include primary and secondary hemostasis (Sen Gupta, 2017). During the primary hemostasis, platelets bind rapidly to specific proteins (e.g., von Willebrand Factor) and collagen at the bleeding site, followed by inter-platelet crosslinking via fibrinogen, which is recognized by the active GPIIb-IIIa on the surface of platelet molecules; on the phosphoserine-rich surface of active platelets, fibrin is formed and deposited in the process of coagulation cascade. Taken together, such coagulation process includes activation, adhesion and aggregation of platelets, as well as deposition and maturation of fibrin. Poor coagulation can cause thrombocytopenia, and hypercoagulability can lead to thrombosis. In a bleeding complication case, natural platelets or platelet-derived products are offered for transfusion. Such products suffer from short shelf-life, contamination, risks of infection/immunoreaction (unless prior serological testing was conducted). Artificial platelet-like biomaterials attract increasing attention to overcome such issues.

Platelet is of a micrometer size, loaded with thousands of biocomponents. Herein, scientists focus on the “platelet-inspired” nanomaterials that could function well as platelets during the hemostasis process and simplify the configuration of the nanomaterials. For instance, Jung et al. removed the content inside the platelet and obtained a natural aggregated platelet nanovesicles by using hypotonic ultrasound technology, which were then mixed with calcium chloride, thrombin, and membrane proteins to create a nano-aggregate (Jung et al., 2019) (as shown in Table 3). The nano-aggregate exert a hemostatic effect of platelets without causing an inflammatory reaction.


Table 3. Nanomedicines for hemostatic-responsive component.
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Recent developing trend would be from enhancing platelet adhesion and hemostatic plug formation to harness more platelet's functions, such as clot contraction, and to build a minimal system, i.e., artificial platelet (Majumder and Liu, 2017), which will be able to perform some essential functions of natural platelet, including vesicle encapsulation, attachment, fusion, and protein production. Platelet-like particles (PLPs) that are coupled to fibrin-binding antibodies had shown the capability to mimic natural platelet functions to bind the wound site, stabilize clot structure, and enhance clot formation (Brown et al., 2014). Further improvements enabled a core-shell PLP to facilitate temporal control over clot retraction (Sproul et al., 2018) and mimic the antimicrobial action of platelets by integrating with gold nanoparticles (Sproul et al., 2019), which may improve healing outcomes after hemostasis. A synthetic liposomal platelet surrogate, Syntho Plate, has shown bifunctional features, i.e., adhesion and aggregation, thanks to the integration of three peptides: von Willebrand Factor-binding peptide, collagen-binding peptide, and GPIIb-IIIa-binding fibrinogen-mimetic peptide (Shukla et al., 2017). The Syntho Plate was applied to animal testing after femoral artery injury, and the result showed that blood loss was reduced, blood pressure was stabilized, and survival rate was improved (Hickman et al., 2018).

On the other hand, thrombosis, an abnormal aggregation of platelets, is highly likely to occur after surgery, such as coronary arteries. Ward et al. perforated platelets with high-pressure discharge, added ilocprost (drug) into the extra-platelet membrane, and then closed the membrane pores in a 37-degree warm bath for 40 min. Experiments in rabbits of atherosclerosis have shown that modified platelets can reduce platelet deposition by 64% in comparison with native platelets (Ward et al., 1995). Recently, platelet-targeting peptides- or small molecules-modified micelles/liposomes, shown in Table 3, were reported to deliver thrombolytic drugs to prevent platelet aggregation (Gupta et al., 2005; Yan et al., 2005; Modery et al., 2011). Pan et al. developed a Amnexin V-conjugated micelle that was synthesized with biodegradable polymer and loaded with lumbrokinase for phosphatidylserine thrombolysis (Pan et al., 2017). In vitro experiments have shown that such micelles are much more efficient in thrombolysis than the control group. In vivo experiments show that the micelles have good capability of targeting and thrombolysis. A PEGylated liposome, modified with a peptide of fibrinogen gamma chain (CQQHHLGGAKQAGDV) and loaded with thrombus-specific tissue plasminogen activator (tPA), was developed by Absar et al. (2013). In vitro and in vivo rat thrombolysis experiments demonstrated that the nano-liposomal vector targets activated platelets and rapidly releases tPA. Compared with natural tPA, such tPA-liposome complex increased the thrombus solubility by 35% and reduced the consumption of circulating protein fibrinogen by 4.3 times, which greatly improves the thrombolysis efficiency. Huang et al. synthesized a tPA-loaded PEGylated liposome, approximately 164.6 ± 5.3 nm in diameter (Huang et al., 2019). As shown in Figure 3, the surface was coated with cyclic arginine-glycine-aspartate (cRGD). The presence of activated platelets allows synthetic nanoliposomes to induce efficient fibrin clot lysis in the fibrin-agar plate model, and the concentration of activated platelets determines the extent of tPA release. The liposome membrane protected well the activity of tPA (retaining 97.4 ± 1.7% fibrinolytic activity) to achieve efficient thrombolysis.


[image: Figure 3]
FIGURE 3. Preparation (A) of nanovesicles and release (B) of pro-inflammatory factors. Reproduced with permission from Jung et al. (2019).


On February 6, 2019, FDA approved Cablivi (caplacizumab-yhdp) injection (FDA, 2019a) in combination with plasma exchange and immunosuppressive therapy for the treatment of adult patients with acquired thrombotic thrombocytopenic purpura (aTTP), a rare and life-threatening BDD. Patients with aTTP develop extensive blood clots in the small blood vessels throughout the body. Caplacizumab is a humanized, bivalent, variabledomain-only immunoglobulin fragment, named “Nanobody” by Ablynx. It targets the A1 domain of von Willebrand factor, preventing interaction with the platelet glycoprotein Ib-IX-V receptor and the ensuing microvascular thrombosis (Callewaert et al., 2012; Scully et al., 2019).



PLATELET-INSPIRED NANOMEDICINES

The development of new nanomedicines, inspired by platelet, is beyond the two above-mentioned chapters. Some studies have shown that there is an interaction between platelets and tumor cells. The formation of platelet-tumor cell aggregates and their sequestration in various end-organs may result in thrombocytopenia (Karpatkin and Pearlstein, 1981; Mehta, 1984). In addition, platelet-derived factors secreted by platelets stimulate the proliferation of tumor cells, while secreting certain substances to increase vascular permeability is beneficial to the metastasis of tumor cells (Gasic et al., 1973; Karpatkin and Pearlstein, 1981; Karpatkin et al., 1988; Schumacher et al., 2013). Therefore, the unique interaction between platelet and tumor cells could be utilized by scientists for developing anti-cancer nanomedicines.

Modery-Pawlowski et al. designed a platelet mimetic (as shown in Table 3), loaded with ligands and other components, in order to investigate the interaction between such complex and metastatic cancer cells (Modery-Pawlowski et al., 2013). The results indicated that platelet mimics bind to cancer cells and exhibited greater cell targeting ability and adhesion for metastatic human breast cancer cell line MDA-MB-231 than cell line MCF-7. Hu et al. encapsulated the tumor-killing small molecule drug, Dox-NV, in a tumor necrosis factor-related apoptosis inducing ligand (TRAIL)-coated nanocarrier (TRAIL-Dox-PM-NV, as shown in Table 3) (Hu et al., 2015) that is formed with a platelet nanofilm, which was obtained by removing the internal contents. The results showed that the functionalized nanocarrier targeted tumor cells and induced apoptosis, as shown in Figure 4.


[image: Figure 4]
FIGURE 4. Schematic design (A) of drug-loaded PM-NV for targeting and sequential drug delivery (B). The functionalized nanocarrier targeted tumor cells and induced apoptosis. Adapted with permission from Hu et al. (2015).


Jing et al. designed a nanoparticle, RGD-NPVs@MNPs/DOX (as shown in Table 3), for multidrug resistance (MDR) cancer and performed in vitro experiments using different cell lines (Jing et al., 2018). The mixture of melanin NPs (MNPs) and RGD-modified platelet membrane was extruded by ultrasound to form a MNPs-loaded RGD-coated nano-platelet vesicle, followed by loading with DOX. The results showed that such vesicle can target and kill tumor cells.

Synthetic NPs may cause cytotoxicity to endothelial cells (Ilinskaya and Dobrovolskaia, 2013). Natural platelets therefore became an ideal drug delivery vehicle. Xu et al. encapsulated DOX in platelets through an open tubule system to make a DOX-platelet complex (as shown in Table 3) and conducted a series of experiments on Raji cells in the tumor-bearing mouse model (Xu et al., 2017). Compared to free DOX, DOX-platelets were able to target tumor cells and release more DOX at an acidic pH; the DOX-platelet stayed longer in the blood (half-life t1/2 = 29.12 ± 1.13 h). Tissue distribution results showed that DOX released by DOX-platelet mostly exists in tumor cells, along with low residuals in the organs, such as heart, liver, spleen, kidney, and lungs. This indicates a strong anti-tumor effect.



CONCLUSIONS AND OUTLOOK

Nanomedicines is a hybrid term of nanotechnology and medicine, converting traditional small molecule medicine into a nano-sized carrier loaded with drug molecules or other therapeutic (bio)moieties and delivery system for disease treatment. As for BDDs treatment, a potential application of nanomedicines is to offer artificial blood components, which may possess some advantages over blood: long shelf-life, good stability, and large-scale availability. On one hand, engineered or modified hemoglobin molecules, as well as hemoglobin-loaded liposome, were reported to serve as RBC substitute to carry oxygen. On the other hand, PFCs- or heme-based non-hemoglobin substitutes show different oxygen disassociation factors. The findings in the development of PFCs-base substitutes provide a mechanism guideline for future design of multifunctional PFCs nanomedicines (carrying oxygen, drug delivery, and bioimaging), as the PFCs nanoparticles had been approved by FDA for contrast agent in clinical applications. It has been realized that nanomedicines cannot replace the exact same role as the RBCs because the complicated components of the latter and the size difference. Nanomedicines may mimic the main features of the RBCs by integrating the functioning components into the nanocarrier. Likewise, artificial nanomedicines were designed to mimic the specific affinity (or binding) of WBCs or platelet in order to act as an immune- or hemostasis-responsive component. Inspired by the biocompatible platelet membrane, platelet-like functional nanomedicines were developed and showed better drug delivery efficacy.

While scientists are dedicated to make “blood” ex vitro through stem cell research, it is also important to design nanomedicines for BDDs treatment. Researchers are trying to close the gap between artificial nanomedicine and natural blood components. Not only the potential toxicity of nanomedicines (e.g., activating immunoreaction), but also the complications of scale-down (from micro-size cell to nano-size system) and simplification of functioning components that may result in the lack of some comprehensive functions, shall be under consideration.

Some new drugs for BDDs treatment had been approved by FDA, including Elzonris (tagraxofusp-erzs) for BPDCN, Cablivi (caplacizumab-yhdp) for aTTP, and Jakafi (ruxolitinib) and Inrebic (fedratinib) for myelofibrosis (FDA, 2019b). These had set good examples for researchers, academic and industrial, to get a better understanding how to move forward the development and (pre)clinical trial of nanomedicine for BDDs treatment. It was 1995 that FDA approved the first nanomedicine (NPs drug), namely Doxil, yet no nanomedicines were approved for BDD treatment. A straightforward path will be to integrate the approved drugs for BDDs treatment into a nanocarrier, forming a promising candidate of nanomedicine.

A critical step to move forward is from preclinical testing to clinical trial. Preclinical testing focuses mainly the characterization of nanomedicine. Prior to clinical trial, another challenging step for nanomedicine development for BDD treatment, as well as for other tumor/cancer treatment, is the scale-up manufacturing. It was estimated that an ~8% passing rate for nanomedicines, but only one fourth for small molecules drugs (Torrice, 2016). When used “blood disease” and “liposome” or “nanoparticles” to search on Clinicaltrials.gov, we obtained more than 150 open or active clinical trials. This is an exciting news for researchers working in this field.

A debating issue of nanomedicine development is the drug delivery efficiency of nanomedicines provoked by Chan's group (Wilhelm et al., 2016) in 2016, which documented that the number of nanomedicines reaching the tumor site was <1%. Some researchers or drug-makers argued that the retention time and maximum concentration at the tumor site are more important than the efficiency, and they, especially from a more practical perspective, were more intrigued to find ways to minimize the impact of nanomedicines on non-target organ (Torrice, 2016), such as liver. Information gathered from this debate will also be an inevitable step for the nanomedicine development for BDDs treatment.



AUTHOR CONTRIBUTIONS

M-YW and QM oversee the content and writing of the manuscript and reviewed the finalized the manuscript. NZ wrote the draft.



FUNDING

This work was supported by the National Natural Science Foundation of China (21974129) and Natural Science Foundation of Beijing Municipality (8192049).



ACKNOWLEDGMENTS

M-YW acknowledges that all statements in this article do not represent any viewpoints from Texas Commission on Environmental Quality. All authors appreciate the constructive comments from reviewers.



REFERENCES

 Absar, S., Nahar, K., Kwon, Y. M., and Ahsan, F. (2013). Thrombus-targeted nanocarrier attenuates bleeding complications associated with conventional thrombolytic therapy. Pharm. Res. 30, 1663–1676. doi: 10.1007/s11095-013-1011-x

 Alam, F., Yadav, N., Ahmad, M., and Shadan, M. (2014). Blood substitutes: possibilities with nanotechnology. Indian J. Hematol. Blood Transfus. 30, 155–162. doi: 10.1007/s12288-013-0309-5

 Allegra, A., Innao, V., Penna, G., Gerace, D., Allegra, A. G., and Musolino, C. (2017). Telomerase and telomere biology in hematological diseases: a new therapeutic target. Leuk. Res. 56, 60–74. doi: 10.1016/j.leukres.2017.02.002

 Arthur, C., Song, L., Culp, W., Brown, A., Borrelli, M., Skinner, R., et al. (2017). Tissue Concentration of Dodecafluoropentane (DDFP) following repeated IV administration in the New Zealand White Rabbit. AAPS J. 19, 520–526. doi: 10.1208/s12248-016-0013-0

 Barcellini, W., and Zanella, A. (2011). Rituximab therapy for autoimmune haematological diseases. Eur. J. Intern. Med. 22, 220–229. doi: 10.1016/j.ejim.2010.12.016

 Baudin-Creuza, V., Chauvierre, C., Domingues, E., Kiger, L., Leclerc, L., Vasseur, C., et al. (2008). Octamers and nanoparticles as hemoglobin based blood substitutes. Biochimi. Biophys. Acta ProteinsProteomics 1784, 1448–1453. doi: 10.1016/j.bbapap.2008.02.005

 Benitez Cardenas, A. S., Samuel, P. P., and Olson, J. S. (2017). Current challenges in the development of acellular hemoglobin oxygen carriers by protein engineering. Shock 52, 28–40. doi: 10.1097/SHK.0000000000001053

 Bhargava, P., and Lee, C. H. (2012). Role and function of macrophages in the metabolic syndrome. Biochem. J. 442, 253–262. doi: 10.1042/BJ20111708

 Biro, G. P., Taichman, G. C., Lada, B., Keon, W. J., Rosen, A. L., and Sehgal, L. R. (1988). Coronary vascular actions of stroma-free hemoglobin preparations. Artif. Organs 12, 40–50. doi: 10.1111/j.1525-1594.1988.tb01522.x

 Bjorkholm, M., Fagrell, B., Przybelski, R., Winslow, N., Young, M., Winslow, R., et al. (2005). A phase I single blind clinical trial of a new oxygen transport agent (MP4), human hemoglobin modified with maleimide-activated polyethylene glycol. Haematologica 90, 505–515. Available online at: http://www.haematologica.org/content/90/4/505

 Bloomfield, E. L., Rady, M. Y., Popovich, M. J., Esfandiari, S., and Bedocs, N. M. (1996). Use of diaspirin cross-linked hemoglobin in critically ill patients. Intensive Care Med. 22:S105. doi: 10.1007/BF01921279

 Blum, J. L., Rosenblum, L. K., Grunig, G., Beasley, M. B., Xiong, J. Q., and Zelikoff, J. T. (2014). Short-term inhalation of cadmium oxide nanoparticles alters pulmonary dynamics associated with lung injury, inflammation, and repair in a mouse model. Inhal. Toxicol. 26, 48–58. doi: 10.3109/08958378.2013.851746

 Bonanno, A. M., Graham, T. L., Wilson, L. N., Madtson, B., and Ross, J. D. (2018). Efficacy of the perfluorocarbon dodecafluoropentane as an adjunct to pre-hospital resuscitation. PLoS ONE 13:e0207197. doi: 10.1371/journal.pone.0207197

 Borrelli, M. J., Hamilton, E., and Bernock, L. J. (2014). Dodecafluoropentane nanoemulsions produced with protein and lipid surfactants permit targeted oxygen and drug delivery, and help elucidate mechanisms of action. J. Vasc. Intervent. Radiol. 25:S10. doi: 10.1016/j.jvir.2013.12.029

 Brown, A. C., Stabenfeldt, S. E., Ahn, B., Hannan, R. T., Dhada, K. S., Herman, E. S., et al. (2014). Ultrasoft microgels displaying emergent platelet-like behaviours. Nat. Mater. 13, 1108–1114. doi: 10.1038/nmat4066

 Callewaert, F., Roodt, J., Ulrichts, H., Stohr, T., van Rensburg, W. J., Lamprecht, S., et al. (2012). Evaluation of efficacy and safety of the anti-VWF Nanobody ALX-0681 in a preclinical baboon model of acquired thrombotic thrombocytopenic purpura. Blood 120, 3603–3610. doi: 10.1182/blood-2012-04-420943

 Caster, J. M., Patel, A. N., Zhang, T., and Wang, A. (2017). Investigational nanomedicines in 2016: a review of nanotherapeutics currently undergoing clinical trials. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 9:e1416. doi: 10.1002/wnan.1416

 Chen, C. J., Wang, J. C., Zhao, E. Y., Gao, L. Y., Feng, Q., Liu, X. Y., et al. (2013). Self-assembly cationic nanoparticles based on cholesterol-grafted bioreducible poly(amidoamine) for siRNA delivery. Biomaterials 34, 5303–5316. doi: 10.1016/j.biomaterials.2013.03.056

 Cooper, C. E., Silkstone, G. G. A., Simons, M., Rajagopal, B., Syrett, N., Shaik, T., et al. (2019). Engineering tyrosine residues into hemoglobin enhances heme reduction, decreases oxidative stress and increases vascular retention of a hemoglobin based blood substitute. Free Radical Biol. Med. 134, 106–118. doi: 10.1016/j.freeradbiomed.2018.12.030

 Culp, W. C., Brown, A. T., Lowery, J. D., Arthur, M. C., Roberson, P. K., and Skinner, R. D. (2015). Dodecafluoropentane emulsion extends window for tPA therapy in a rabbit stroke model. Mol. Neurobiol. 52, 979–984. doi: 10.1007/s12035-015-9243-x

 Devineau, S., Kiger, L., Galacteros, F., Baudin-Creuza, V, Marden, M., Renault, J. P., et al. (2018). Manipulating hemoglobin oxygenation using silica nanoparticles- a novel prospect for artificial oxygen carriers. Blood Adv. 2, 90–94. doi: 10.1182/bloodadvances.2017012153

 Dong, F., Hall, C. H., Golech, S. A., Philbin, N. B., Rice, J. P., Gurney, J., et al. (2006). Immune effects of resuscitation with HBOC-201, a hemoglobin-based oxygen carrier, in swine with moderately severe hemorrhagic shock from controlled hemorrhage. Shock 25, 50–55. doi: 10.1097/01.shk.0000187982.56030.94

 Farber, S., and Diamond, L. K. (1948). Temporary remissions in acute leukemia in children produced by folic acid antagonist, 4-aminopteroyl-glutamic acid. N. Engl. J. Med. 238, 787–793. doi: 10.1056/NEJM194806032382301

 FDA (2018). FDA Approves First Treatment for Rare Blood Disease. FDA Newsroom. Retrieved January 1st, 2019. Available online at: https://www.fda.gov/news-events/press-announcements/fda-approves-first-therapy-treat-patients-rare-blood-disorder

 FDA (2019a). FDA Approves First Therapy for the Treatment of Adult Patients With a Rare Blood Clotting Disorder. Available online at: https://www.fda.gov/news-events/press-announcements/fda-approves-first-therapy-treat-patients-rare-blood-disorder

 FDA (2019b). FDA Approves Treatment for Patients With Rare Bone Marrow Disorder. Available online at: https://www.fda.gov/news-events/press-announcements/fda-approves-treatment-patients-rare-bone-marrow-disorder

 Freilich, D., Pearce, L. B., Pitman, A., Greenburg, G., Berzins, M., Bebris, L., et al. (2009). HBOC-201 vasoactivity in a phase III clinical trial in orthopedic surgery subjects–extrapolation of potential risk for acute trauma trials. J. Trauma 66, 365–376. doi: 10.1097/TA.0b013e3181820d5c

 Friedman, H., DeVenuto, F., Lollini, L., Mellick, P., and Zuck, T. F. (1979). Morphologic effects following massive exchange transfusions with a stroma-free hemoglobin solution. II. Kidney. Lab. Invest. 40, 655–667.

 Friedman, H. I., DeVenuto, F., Lollini, L., Mellick, P., and Zuck, T. F. (1978). Morphologic effects following massive exchange transfusions with a stroma-free hemoglobin solution. I. Liver. Lab. Invest. 39, 167–177.

 Fuhrman, B. P., Paczan, P. R., and DeFrancisis, M. (1991). Perfluorocarbon-associated gas exchange. Crit. Care Med. 19, 712–722. doi: 10.1097/00003246-199105000-00019

 Gasic, G. J., Gasic, T. B., Galanti, N., Johnson, T., and Murphy, S. (1973). Platelet-tumor-cell interactions in mice. The role of platelets in the spread of malignant disease. Int. J. Cancer 11, 704–718. doi: 10.1002/ijc.2910110322

 Gauger, P. G., Pranikoff, T., Schreiner, R. J., Moler, F. W., and Hirschl, R. B. (1996). Initial experience with partial liquid ventilation in pediatric patients with the acute respiratory distress syndrome. Crit. Care Med. 24, 16–22. doi: 10.1097/00003246-199601000-00006

 Gould, S. A., Moore, E. E., Hoyt, D. B., Burch, J. M., Haenel, J. B., Garcia, J., et al. (1998). The first randomized trial of human polymerized hemoglobin as a blood substitute in acute trauma and emergent surgery. J Am Coll Surg 187, 113-120; discussion 120–112. doi: 10.1016/S1072-7515(98)00095-7

 Gould, S. A., Moore, E. E., Hoyt, D. B., Ness, P. M., Norris, E. J., Carson, J. L., et al. (2002). The life-sustaining capacity of human polymerized hemoglobin when red cells might be unavailable. J Am Coll Surg 195, 445-452; discussion 452–445. doi: 10.1016/S1072-7515(02)01335-2

 Gould, S. A., Rosen, A. L., Sehgal, L. R., Sehgal, H. L, Langdale, L. A., Krause, L. M., et al. (1986). Fluosol-DA as a red-cell substitute in acute anemia. N. Engl. J. Med. 314, 1653–1656. doi: 10.1056/NEJM198606263142601

 Greening, D. W., Glenister, K. M., Sparrow, R. L., and Simpson, R. (2010). International blood collection and storage: clinical use of blood products. J. Proteomics 73, 386–395. doi: 10.1016/j.jprot.2009.07.011

 Gupta, A. S., Huang, G., Lestini, B. J., Sagnella, S., Kottke-Marchant, K., and Marchant, R. E. (2005). RGD-modified liposomes targeted to activated platelets as a potential vascular drug delivery system. Thromb. Haemost. 93, 106–114. doi: 10.1160/TH04-06-0340

 Hasegawa, E., Matsushita, Y., Kaneda, M., Ejima, K., and Tsuchida, E. (1982). Liposomal heme as oxygen carrier under semiphysiological condition. Biochem. Biophys. Res. Commun. 105, 1416–1419. doi: 10.1016/0006-291X(82)90945-7

 Hernan, L. J., Fuhrman, B. P., Papo, M. C., Leach, C. L, Thompson, A. E., Nesti, F. D., et al. (1994). Oxygenation during perfluorocarbon associated gas exchange in normal and abnormal lungs. Artif. Cells Blood Substit. Immobil. Biotechnol. 22, 1377–1380. doi: 10.3109/10731199409138840

 Hess, J. R. (2006). An update on solutions for red cell storage. Vox Sang. 91, 13–19. doi: 10.1111/j.1423-0410.2006.00778.x

 Heusinkveld, M., de Vos van Steenwijk, P. J., Goedemans, R., Ramwadhdoebe, T. H., Gorter, A., Welters, M. J., et al. (2011). M2 macrophages induced by prostaglandin E2 and IL-6 from cervical carcinoma are switched to activated M1 macrophages by CD4+ Th1 cells. J. Immunol. 187, 1157–1165. doi: 10.4049/jimmunol.1100889

 Hickman, D. A., Pawlowski, C. L., Shevitz, A., Luc, N. F., Kim, A., Girish, A., et al. (2018). Intravenous synthetic platelet (SynthoPlate) nanoconstructs reduce bleeding and improve 'golden hour' survival in a porcine model of traumatic arterial hemorrhage. Sci. Rep. 8:3118. doi: 10.1038/s41598-018-21384-z

 Hu, Q., Sun, W., Qian, C., Wang, C., Bomba, H. N., and Gu, Z. (2015). Anticancer platelet-mimicking nanovehicles. Adv. Mater. Weinheim. 27, 7043–7050. doi: 10.1002/adma.201503323

 Huang, Y., Yu, L., Ren, J., Gu, B., Longstaff, C., Hughes, A., et al. (2019). An activated-platelet-sensitive nanocarrier enables targeted delivery of tissue plasminogen activator for effective thrombolytic therapy. J. Control. Release 300, 1–12. doi: 10.1016/j.jconrel.2019.02.033

 Ilinskaya, A. N., and Dobrovolskaia, M. A. (2013). Nanoparticles and the blood coagulation system. Part II: safety concerns. Nanomedicine 8, 969–981. doi: 10.2217/nnm.13.49

 Jansman, M. M. T., and Hosta-Rigau, L. (2018). Recent and prominent examples of nano- and microarchitectures as hemoglobin-based oxygen carriers. Adv. Colloid Interface Sci. 260, 65–84. doi: 10.1016/j.cis.2018.08.006

 Jen, E. Y., Gao, X., Li, L., Zhuang, L., Simpson, N. E., et al. (2019). FDA approval summary: tagraxofusp-erzs for treatment of blastic plasmacytoid dendritic cell neoplasm. Clin. Cancer Res. Clincanres. doi: 10.1158/1078-0432.CCR-19-2329 Available online at: https://clincancerres.aacrjournals.org/content/early/2019/09/21/1078-0432.CCR-19-2329

 Jia, Y., Duan, L., and Li, J. (2016). Hemoglobin-based nanoarchitectonic assemblies as oxygen carriers. Adv. Mater. Weinheim. 28, 1312–1318. doi: 10.1002/adma.201502581

 Jing, L., Qu, H., Wu, D., Zhu, C., Yang, Y., Jin, X., et al. (2018). Platelet-camouflaged nanococktail: Simultaneous inhibition of drug-resistant tumor growth and metastasis via a cancer cells and tumor vasculature dual-targeting strategy. Theranostics 8, 2683–2695. doi: 10.7150/thno.23654

 Jung, H., Kang, Y. Y., and Mok, H. (2019). Platelet-derived nanovesicles for hemostasis without release of pro-inflammatory cytokines. Biomater. Sci. 7, 856–859. doi: 10.1039/C8BM01480A

 Jurek, S. C., Hirano-Kobayashi, M., Chiang, H., Kohane, D. S., and Matthews, B. D. (2014). Prevention of ventilator-induced lung edema by inhalation of nanoparticles releasing ruthenium red. Am. J. Respir. Cell Mol. Biol. 50, 1107–1117. doi: 10.1165/rcmb.2013-0163OC

 Kaplan, H. R., and Murthy, V. S. (1975). Hemoglobin solution: a potential oxygen transporting plasma volume expander. Fed. Proc. 34, 1461–1465.

 Karpatkin, S., and Pearlstein, E. (1981). Role of platelets in tumor cell metastases. Ann. Intern. Med. 95, 636–641. doi: 10.7326/0003-4819-95-5-636

 Karpatkin, S., Pearlstein, E., Ambrogio, C., and Coller, B. S. (1988). Role of adhesive proteins in platelet tumor interaction in vitro and metastasis in vivo. J. Clin. Investig. 81, 1012–1019. doi: 10.1172/JCI113411

 Keipert, P. E. (1995). Use of Oxygent, a perfluorochemical-based oxygen carrier, as an alternative to intraoperative blood transfusion. Artif. Cells Blood Substit. Immobil. Biotechnol. 23, 381–394. doi: 10.3109/10731199509117954

 Kothe, N., Eichentopf, B., and Bonhard, K. (1985). Characterization of a modified, stroma-free hemoglobin solution as an oxygen-carrying plasma substitute. Surg. Gynecol. Obstet. 161, 563–569.

 Lane, T. A. (1995). Perfluorochemical-based artificial oxygen carrying red cell substitutes. Transfus. Sci. 16, 19–31. doi: 10.1016/0955-3886(94)00067-T

 Lang, M. E., Korecky, B., Anderson, P. J., and Biro, G., P. (1990). Stroma-free hemoglobin solutions prepared by crystallization and ultrafiltration methods; comparison of composition and coronary vasoconstrictor potency. Adv. Exp. Med. Biol. 277, 225–236. doi: 10.1007/978-1-4684-8181-5_28

 Leach, C. L., Fuhrman, B. P., Morin, F. C. 3rd, and Rath, M. G. (1993). Perfluorocarbon-associated gas exchange (partial liquid ventilation) in respiratory distress syndrome: a prospective, randomized, controlled study. Crit. Care Med. 21, 1270–1278. doi: 10.1097/00003246-199309000-00008

 Levy, J. H., Goodnough, L. T., Greilich, P. E., Parr, G. V., Stewart, R. W., Gratz, I., et al. (2002). Polymerized bovine hemoglobin solution as a replacement for allogeneic red blood cell transfusion after cardiac surgery: results of a randomized, double-blind trial. J. Thorac. Cardiovasc. Surg. 124, 35–42. doi: 10.1067/mtc.2002.121505

 Lim, Y. H., Tiemann, K. M., Hunstad, D. A., Elsabahy, M., and Wooley, K. L. (2016). Polymeric nanoparticles in development for treatment of pulmonary infectious diseases. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 8, 842–871. doi: 10.1002/wnan.1401

 Mackenzie, C. F., Moon-Massat, P. F., Shander, A., Javidroozi, M., and Greenburg, A. G. (2010). When blood is not an option: factors affecting survival after the use of a hemoglobin-based oxygen carrier in 54 patients with life-threatening anemia. Anesth. Analg. 110, 685–693. doi: 10.1213/ANE.0b013e3181cd473b

 Maeda, T., Kusumi, E., Kami, M., Kawabata, M., Le Pavoux, A., Hara, S., et al. (2005). Disseminated tuberculosis following reduced-intensity cord blood transplantation for adult patients with hematological diseases. Bone Marrow Transplant. 35, 91–97. doi: 10.1038/sj.bmt.1704740

 Maggio, A. (2007). Light and shadows in the iron chelation treatment of haematological diseases. Br. J. Haematol. 138, 407–421. doi: 10.1111/j.1365-2141.2007.06666.x

 Majumder, S., and Liu, A. P. (2017). Bottom-up synthetic biology: modular design for making artificial platelets. Phys. Biol. 15:013001. doi: 10.1088/1478-3975/aa9768

 Marrache, S., and Dhar, S. (2013). Biodegradable synthetic high-density lipoprotein nanoparticles for atherosclerosis. Proc. Natl. Acad. Sci. U.S.A. 110, 9445–9450. doi: 10.1073/pnas.1301929110

 Mehta, P. (1984). Potential role of platelets in the pathogenesis of tumor metastasis. Blood 63, 55–63. doi: 10.1182/blood.V63.1.55.bloodjournal63155

 Modery, C. L., Ravikumar, M., Wong, T. L., Dzuricky, M. J., Durongkaveroj, N., and Sen Gupta, A. (2011). Heteromultivalent liposomal nanoconstructs for enhanced targeting and shear-stable binding to active platelets for site-selective vascular drug delivery. Biomaterials 32, 9504–9514. doi: 10.1016/j.biomaterials.2011.08.067

 Modery-Pawlowski, C. L., Master, A. M., Pan, V., Howard, G. P., and Sen Gupta, A. (2013). A platelet-mimetic paradigm for metastasis-targeted nanomedicine platforms. Biomacromolecules 14, 910–919. doi: 10.1021/bm301996p

 Moon-Massat, P. F., Abutarboush, R., Pappas, G., Haque, A., Aligbe, C., Arnaud, F., et al. (2014). Effects of perfluorocarbon dodecafluoropentane (NVX-108) on cerebral microvasculature in the healthy rat. Curr. Drug Discov. Technol. 11, 220–226. doi: 10.2174/1570163811666140709110301

 Motta, G., Ratto, G. B., Spinelli, E., Burlando, F., Agati, R., Poloniato, G., et al. (1981). Experimental research on the use of fluorocarbon compounds (FC 43) as blood substitutes. Boll. Soc. Ital. Biol. Sper. 57, 2529–2535.

 Naito, R., and Yokoyama, K. (1978). An improved perfluorodecalin emulsion. Prog. Clin. Biol. Res. 19, 81–89.

 Nho, K., Glower, D., Bredehoeft, S., Shankar, H., Shorr, R., and Abuchowski, A. (1992). PEG-bovine hemoglobin: safety in a canine dehydrated hypovolemic-hemorrhagic shock model. Biomater. Artif. Cells Immobilization Biotechnol. 20, 511–524. doi: 10.3109/10731199209119677

 Nishioka, T., Luo, H., Fishbein, M. C., Cercek, B., Forrester, J. S., Kim, C. J., et al. (1997). Dissolution of thrombotic arterial occlusion by high intensity, low frequency ultrasound and dodecafluoropentane emulsion: an in vitro and in vivo study. J. Am. Coll. Cardiol. 30, 561–568. doi: 10.1016/S0735-1097(97)00182-4

 Niu, M., Valdes, S., Naguib, Y. W., Hursting, S. D., and Cui, Z. (2016). Tumor-associated macrophage-mediated targeted therapy of triple-negative breast cancer. Mol. Pharm. 13, 1833–1842. doi: 10.1021/acs.molpharmaceut.5b00987

 Olofsson, C., Ahl, T., Johansson, T., Larsson, S., Nellgard, P., Ponzer, S., et al. (2006). A multicenter clinical study of the safety and activity of maleimide-polyethylene glycol-modified Hemoglobin (Hemospan) in patients undergoing major orthopedic surgery. Anesthesiology 105, 1153–1163. doi: 10.1097/00000542-200612000-00015

 Osborn, M. J., Webber, B. R., Knipping, F., Lonetree, C. L., Tennis, N., DeFeo, A. P., et al. (2016). Evaluation of TCR gene editing achieved by TALENs, CRISPR/Cas9, and megaTAL nucleases. Mol. Ther. 24, 570–581. doi: 10.1038/mt.2015.197

 Pan, Y., Ren, X., Wang, S., Li, X., Luo, X., and Yin, Z. (2017). Annexin V-conjugated mixed micelles as a potential drug delivery system for targeted thrombolysis. Biomacromolecules 18, 865–876. doi: 10.1021/acs.biomac.6b01756

 Pelosi, E., Castelli, G., and Testa, U. (2012). Human umbilical cord is a unique and safe source of various types of stem cells suitable for treatment of hematological diseases and for regenerative medicine. Blood Cells Mol. Dis. 49, 20–28. doi: 10.1016/j.bcmd.2012.02.007

 Piras, A. M., Dessy, A., Chiellini, F., Chiellini, E., Farina, C., Ramelli, M., et al. (2008). Polymeric nanoparticles for hemoglobin-based oxygen carriers. Biochim. Biophys. Acta 1784, 1454–1461. doi: 10.1016/j.bbapap.2008.03.013

 Pranikoff, T., Gauger, P. G., and Hirschl, R., B. (1996). Partial liquid ventilation in newborn patients with congenital diaphragmatic hernia. J. Pediatr. Surg. 31, 613–618. doi: 10.1016/S0022-3468(96)90659-4

 Przybelski, R. J., Daily, E. K., Kisicki, J. C., Mattia-Goldberg, C., Bounds, M. J., and Colburn, W. A. (1996). Phase I study of the safety and pharmacologic effects of diaspirin cross-linked hemoglobin solution. Crit. Care Med. 24, 1993–2000. doi: 10.1097/00003246-199612000-00011

 Przybelski, R. J., Daily, E. K., Micheels, J., Sloan, E., Mols, P., Corne, L., et al. (1999). A safety assessment of diaspirin cross-linked hemoglobin (DCLHb) in the treatment of hemorrhagic, hypovolemic shock. Prehosp. Disaster Med. 14, 251–264. doi: 10.1017/S1049023X00027722

 Quintana, A., Raczka, E., Piehler, L., Lee, I., Myc, A., Majoros, I., et al. (2002). Design and function of a dendrimer-based therapeutic nanodevice targeted to tumor cells through the folate receptor. Pharm. Res. 19, 1310–1316. doi: 10.1023/A:1020398624602

 Reppucci, A. J., Mattia-Goldberg, C., Przybelski, R. J., Kuczerepa, P. R., and Balma, D. L. (1997). The effects of diaspirin-crosslinked hemoglobin on the assessment of immunohematology profiles. Transfusion 37, 1143–1148. doi: 10.1046/j.1537-2995.1997.37111298088043.x

 Riess, J. G. (1992). Fluorocarbon emulsions as injectable oxygen carriers. Recent progress and perspectives. Rev. Fr. Transfus. Hemobiol. 35, 391–406. doi: 10.1016/S1140-4639(05)80146-7

 Sakai, H., Takeoka, S., Park, S. I., Kose, T., Nishide, H., Izumi, Y., et al. (1997). Surface modification of hemoglobin vesicles with poly(ethylene glycol) and effects on aggregation, viscosity, and blood flow during 90% exchange transfusion in anesthetized rats. Bioconjug. Chem. 8, 23–30. doi: 10.1021/bc960069p

 Sanders, K., and Schick, E. (1978). Fluorocarbon FC 75: a new bathing medium for in vivo recordings in neurophysiology. Neurosci. Lett. 8, 269–272. doi: 10.1016/0304-3940(78)90134-9

 Schubert, A., O'Hara, J. F. Jr., Przybelski, R. J., Tetzlaff, J., Marks, K. E., Mascha, E., et al. (2002). Effect of diaspirin crosslinked hemoglobin (DCLHb HemAssist) during high blood loss surgery on selected indices of organ function. Artif. Cells Blood Substit. Immobil. Biotechnol. 30, 259–283. doi: 10.1081/BIO-120006118

 Schubert, A., Przybelski, R. J., Eidt, J. F., Lasky, L. C, Marks, K. E., Karafa, M., et al. (2003). Diaspirin-crosslinked hemoglobin reduces blood transfusion in noncardiac surgery: a multicenter, randomized, controlled, double-blinded trial. Anesth. Analg. 97, 323–332. doi: 10.1213/01.ANE.0000068888.02977.DA

 Schumacher, D., Strilic, B., Sivaraj, K. K., Wettschureck, N., and Offermanns, S. (2013). Platelet-derived nucleotides promote tumor-cell transendothelial migration and metastasis via P2Y2 receptor. Cancer Cell 24, 130–137. doi: 10.1016/j.ccr.2013.05.008

 Scully, M., Cataland, S. R., Peyvandi, F., Coppo, P., Knöbl, P., Kremer Hovinga, J. A., et al. (2019). Caplacizumab treatment for acquired thrombotic thrombocytopenic purpura. N. Engl. J. Med. 380, 335–346. doi: 10.1056/NEJMoa1806311

 Sen Gupta, A. (2017). Bio-inspired nanomedicine strategies for artificial blood components. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 9:e1464. doi: 10.1002/wnan.1464

 Shukla, M., Sekhon, U. D., Betapudi, V., Li, W., Hickman, D. A., Pawlowski, C. L., et al. (2017). In vitro characterization of SynthoPlate (synthetic platelet) technology and its in vivo evaluation in severely thrombocytopenic mice. J. Thromb. Haemost. 15, 375–387. doi: 10.1111/jth.13579

 Sloan, E. P., Koenigsberg, M., Gens, D., Cipolle, M., Runge, J., Mallory, M. N., and Rodman, G. Jr. (1999). Diaspirin cross-linked hemoglobin (DCLHb) in the treatment of severe traumatic hemorrhagic shock: a randomized controlled efficacy trial. JAMA 282, 1857–1864. doi: 10.1001/jama.282.19.1857

 Spence, R. K., Norcross, E. D., Costabile, J., McCoy, S., Cernaianu, A. C., Alexander, J. B., et al. (1994). Perfluorocarbons as blood substitutes: the early years. Experience with Fluosol DA-20% in the 1980s. Artif. Cells Blood Substit. Immobil. Biotechnol. 22, 955–963. doi: 10.3109/10731199409138794

 Sproul, E. P., Nandi, S., Chee, E., Sivadanam, S., Igo, B. J., Schreck, L., et al. (2019). Development of biomimetic antimicrobial platelet-like particles comprised of microgel nanogold composites. Regenerat. Eng. Transl. Med. doi: 10.1007/s40883-019-00121-6

 Sproul, E. P., Nandi, S., Roosa, C., Schreck, L., and Brown, A., C. (2018). Biomimetic microgels with controllable deformability improve healing outcomes. Adv. Biosyst. 2:1800042. doi: 10.1002/adbi.201800042

 Strom, J., Swyers, T., Wilson, D., Unger, E., Chen, Q. M., and Larson, D. F. (2014). Dodecafluoropentane emulsion elicits cardiac protection against myocardial infarction through an ATP-Sensitive K+ channel dependent mechanism. Cardiovasc. Drugs Ther. 28, 541–547. doi: 10.1007/s10557-014-6557-2

 Suyama, T., Yokoyama, K., and Naito, R. (1981). Development of a perfluorochemical whole blood substitute (Fluosol-DA, 20%)–an overview of clinical studies with 185 patients. Prog. Clin. Biol. Res. 55, 609–628.

 Teicher, B. A., Herman, T. S., and Menon, K. (1992). Enhancement of fractionated radiation therapy by an experimental concentrated perflubron emulsion (Oxygent) in the Lewis lung carcinoma. Biomater. Artif. Cells Immobilization Biotechnol. 20, 899–902. doi: 10.3109/10731199209119737

 Torrice, M. (2016). Does nanomedicine have a delivery problem? ACS Cent Sci 2, 434–437. doi: 10.1021/acscentsci.6b00190

 Townes, T. M. (2008). Gene replacement therapy for sickle cell disease and other blood disorders. Hematol. Am. Soc. Hematol. Educ. Program 1, 193–196. doi: 10.1182/asheducation-2008.1.193

 Tremper, K. K., Friedman, A. E., Levine, E. M., Lapin, R., and Camarillo, D. (1982). The preoperative treatment of severely anemic patients with a perfluorochemical oxygen-transport fluid, Fluosol-DA. N. Engl. J. Med. 307, 277–283. doi: 10.1056/NEJM198207293070503

 Tremper, K. K., Lapin, R., Levine, E., Friedman, A., and Shoemaker, W., C. (1980). Hemodynamic and oxygen transport effects of a perfluorochemical blood substitute, fluosol-DA (20%). Crit. Care Med. 8, 738–741. doi: 10.1097/00003246-198012000-00009

 Tsuchida, E., Nishide, H., and Ohno, H. (1988). Liposome/heme as a totally synthetic oxygen carrier. Biomater. Artif. Cells Artif. Organs 16, 313–319. doi: 10.3109/10731198809132580

 Tsuchida, E., Nishide, H., Yuasa, M., Hasegawa, E., and Matsushita, Y. (1984). Liposomal heme as oxygen carrier under semi-physiological conditions. J. Chem. Soc., Dalton Trans. 105, 1147–1151. doi: 10.1039/DT9840001147

 Tutuncu, A. S., Akpir, K., Mulder, P., Erdmann, W., and Lachmann, B. (1993). Intratracheal perfluorocarbon administration as an aid in the ventilatory management of respiratory distress syndrome. Anesthesiology 79, 1083–1093. doi: 10.1097/00000542-199311000-00027

 Tutuncu, A. S., Houmes, R. J., Bos, J. A., Wollmer, P., and Lachmann, B. (1996). Evaluation of lung function after intratracheal perfluorocarbon administration in healthy animals. Crit. Care Med. 24, 274–279. doi: 10.1097/00003246-199602000-00016

 Vandegriff, K. D., Malavalli, A., Mkrtchyan, G. M., Spann, S. N., Baker, D. A., and Winslow, R. M. (2008). Sites of modification of hemospan, a poly(ethylene glycol)-modified human hemoglobin for use as an oxygen therapeutic. Bioconjug. Chem. 19, 2163–2170. doi: 10.1021/bc8002666

 Vandegriff, K. D., and Winslow, R. M. (2009). Hemospan: design principles for a new class of oxygen therapeutic. Artif. Organs 33, 133–138. doi: 10.1111/j.1525-1594.2008.00697.x

 Vogel, W. M., Hsia, J. C., Briggs, L. L., Er, S. S., Cassidy, G., Apstein, C. S., et al. (1987). Reduced coronary vasoconstrictor activity of hemoglobin solutions purified by ATP-agarose affinity chromatography. Life Sci. 41, 89–93. doi: 10.1016/0024-3205(87)90560-1

 Ward, S. R., Guzman, L. A., Sutton, J. M., Forudi, F., Wendt, M., Brewer, L., et al. (1995). 984-30 use of electroporated platelets as a novel drug delivery system in preventing complications of coronary angioplasty. J. Am. Coll. Cardiol. 25, 303A−4A. doi: 10.1016/0735-1097(95)92718-K

 White, C. T., Murray, A. J., Greene, J. R., Smith, D. J., Medina, F., Makovec, G. T., et al. (1986). Toxicity of human hemoglobin solution infused into rabbits. J. Lab. Clin. Med. 108, 121–131.

 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

 Wilhelm, S., Tavares, A. J., Dai, Q., Ohta, S., Audet, J., Harold, F., et al. (2016). Analysis of nanoparticle delivery to tumours. Nat. Rev. Mater. 1:16014. doi: 10.1038/natrevmats.2016.14

 Winter, P. M. (2014). Perfluorocarbon nanoparticles: evolution of a multimodality and multifunctional imaging agent. Scientifica 2014:746574. doi: 10.1155/2014/746574

 Woods, S. D., Skinner, R. D., Ricca, A. M., Brown, A. T., Lowery, J. D., Borrelli, M. J., et al. (2013). Progress in dodecafluoropentane emulsion as a neuroprotective agent in a rabbit stroke model. Mol. Neurobiol. 48, 363–367. doi: 10.1007/s12035-013-8495-6

 Xiang, W., Shi, R., Kang, X., Zhang, X., Chen, P., Zhang, L., et al. (2018). Monoacylglycerol lipase regulates cannabinoid receptor 2-dependent macrophage activation and cancer progression. Nat. Commun. 9:2574. doi: 10.1038/s41467-018-04999-8

 Xu, P., Zuo, H., Chen, B., Wang, R., Ahmed, A., Hu, Y., et al. (2017). Doxorubicin-loaded platelets as a smart drug delivery system: an improved therapy for lymphoma. Sci. Rep. 7:42632. doi: 10.1038/srep42632

 Yan, F., Xue, J., Zhu, J., Marchant, R. E., and Guo, Z. (2005). Synthesis of a lipid conjugate of SO3Le(a) and its enhancement on liposomal binding to activated platelets. Bioconjug. Chem. 16, 90–96. doi: 10.1021/bc049805c

 Yokoyama, K., Yamanouchi, K., Watanabe, M., Matsumoto, T., Murashima, R., Daimoto, T., et al. (1975). Preparation of perfluorodecalin emulsion, an approach to the red cells substitute. Fed. Proc. 34, 1478–1483.

 Zhang, X., Wang, Q., Qin, L., Fu, H., Fang, Y., Han, B., et al. (2016). EGF-modified mPEG-PLGA-PLL nanoparticle for delivering doxorubicin combined with Bcl-2 siRNA as a potential treatment strategy for lung cancer. Drug Deliv. 23, 2936–2945. doi: 10.3109/10717544.2015.1126769

 Zhu, S., Niu, M., O'Mary, H., and Cui, Z. (2013). Targeting of tumor-associated macrophages made possible by PEG-sheddable, mannose-modified nanoparticles. Mol. Pharm. 10, 3525–3530. doi: 10.1021/mp400216r

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 © 2019 Zhang, Wei and Ma. 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.



OPS/images/fbioe-07-00369-t001.jpg
Components

Structure information

Applications.

References

Crosslinking between two a subunits
‘within a hemoglobin molecule

Hemorthagic shock

Reppucci et al., 1997; Przybelski
etal., 1999; Sloan et al., 1999;
Schubert et al., 2002, 2003

Crosslinking between adjacent
hemoglobin & and B subunits

Emergency trauma and surgery
Postoperative blood transfusion

Gould et al., 1998; Levy et al., 2002;
Freilich et al., 2009

modified by PEG molecules Blood transfusion Nho et al., 1992; Bjorkholm et al.,
Hemorrhagic shock 2005; Olofsson et al., 2006;
Vandegrif et al., 2008
Nanostructure of outer PEG-modified  Blood transfusion Sakai et al,, 1997
lipid membrane Hemorthagic shock

Perfluorocarbonated emuisions
based on perfluorodecalin and egg
yolk phospholipids

Fluosol-DA. Consists of
perfluorodecalin,
perfluorotripropylamine, hydroxyethy!
starch and Krebs-Ringer bicarbonate

Acute shock of animals

Increase patient oxygen delivery

Yokoyama et al., 1975

Tremper et al,, 1980, 1982; Suyama
etal., 1981; Gould et al., 1986;
Spence et al., 1994

Perfluoro (2-n-butyltetrahydrofuran)

Provide oxygen for measuring nerve

parts

Sanders and Schick, 1978

Perfluorotributylamine Blood exchange Motta et al., 1981
| 4 F Dodecafluoropentane Hemorrhagic shock Woods et al., 2013; Borrelii et al.,
Anemia 2014; Moon-Massat et al., 2014;
F F Protection of the brain and heart Strom et al., 2014; Culp et al,, 2015
F F
PlEEEFEFEE Perfluorooctane bromide Auxiliary exchange gas Pranikoff et al., 1996
F Br

FiFrlF FEF EE

The modified hemoglobin is
embedded in the liposome bilayer

Oxygen transport

Hasegawa et al., 1982; Tsuchida
etal., 1984, 1988






OPS/images/fbioe-07-00369-t002.jpg
Structure

Configuration

The composite NPs consisted of PIGA and the
fluorescent group FITC, which was then
modified with M-Cis and PEGylated under the
action of PHC

Black spheres: nanoparticles; fold line: the
modification; and yellow sphere: the
fluorescent group FITC

Polyamide-bonded NPs with a certain
proportion of cholesterol molecules for SIRNA
delivery

Black spheres represent nanoparticles. The
black curve represents the cholesterol
modification on the nanoparticles. The green
helix is the SIRNA carried by the nanoparticles

Carrying Dox and sIRNA with synthetic PEAL
polymer, and finally modifying with EGF

Black spheres represent nanoparticles carrying
SIRNA and DOX. The blue curve represents the
modification of the polyethylene glycol on

the nanoparticles

Application

Targeting tumor-associated macrophages.
Targeted drug delivery (DOX) to tumor sites for
the treatment of triple-negative breast cancer

Targeting human breast cancer MCF-7 cell line
and inhibiting tumor growth

Targeting mouse lung cancer cells, allowing
cells to simultaneously take up SIRNA and Dox,
inhibiting the proliferation of cancer cells and
the expression of Bel-2 in tumor tissues

References

Zhuet al., 2013; Niu et al., 2016

Chen etal.,, 2013

Zhang etal., 2016





OPS/images/fbioe-07-00369-g003.gif





OPS/images/fbioe-07-00369-g004.gif
o B © comemeon § con
Y osanise @ riveswiiay B





OPS/images/fbioe-07-00369-t003.jpg
Main structure or Configuration Application References
composition

Platelet-simulated NPs containing various ligands, small  Target cancer cells with certain Modery-Pawlowski et al.,
molecules, proteins and liposomes adhesion 2013; Jung et al., 2019
i Radiation star when activated

Various colored particles indicate that the simulated
platelets contain multipie proteins and fiposome small
molecules (e.g., Cell mitogens, Hemostatic components,
Adhesion molecules and antigens). A variety of igands
and modifications are modified on the surface of the
nanoparticles (e.g., TP receptor and P-selectin)

TRAL-Dox-PM-NV Target tumor cells and induce Huetal, 2015
Dox-coated and TRAL moified on natural platelet apoptosis

vesicle membrane surface-modiiied platelet NPs

Hollow round with blue double layer as platelet

membrane. Green diamonds for DOX in hollow round

interior. Yellow stars are modified by the platelet

membrane to indicate TRAIL

RGD peptide modified encapsulated melanin NPs and Targeting tumor cells, supplemented  Jing et al., 2018
Dox nanoscale platelet vesicles by subsequent treatment, can alter

Artows represent RGD peptides modified on the surface  multidrug resistance of tumor cells

of platelet nanoparticles. Black spheres represent

melanin molecules

Green stars represent DOX
Protein or small molecule is modified on the surface of  Delivery of thrombolytic drugs to Gupta et al., 2005; Yan
iposome NPs prevent platelet aggregation et al,, 2005; Modery et al.,
Yellow spheres as liposome nanoparticles. Red and 2011; Absar et al., 2013;
green spheres represent different protein molecules Pan et al,, 2017; Huang
modified on the nanoparticles, such as surface etal, 2019

conjugated linear Arg-Gly-Asp (RGD) peptide moieties,
fibrinogen gamma-chain. The blue sphere is represented
as a small molecule modified on the nanoparticle. Such
as 3-O-Sulfated Le (2) [SOBLe (a)], integrin e (lIb)

(8), P-selectin
Inject small molecules directly into platelets by Delivery of drugs Ward et al., 1995; Xu etal.,
electroporation or other methods Reduce platelet aggregation 2017

Natural platelet molecules are represented by a red
elipsoid. The blue sphere is represented by a small
molecule such as DOX that is coated in platelets






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Nanomedicines: A Potential Treatment for Blood Disorder Diseases



		Introduction



		Nanomedicines for the Gas-Carrier Component



		Hemoglobin-Based Red Blood Cells Substitutes



		Non-hemoglobin-Based Red Blood Cells Substitutes



		Perfluorocarbon-Based Blood Substitutes



		Heme-Based Blood Cell Substitute















		Nanomedicines for the Immune-Responsive Component



		Nanomedicines for Hemostasis-Responsive Component



		Platelet-Inspired Nanomedicines



		Conclusions and Outlook



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers

in Bioengineering and Biotechnology

Nanomedicines: A Potential
Treatment for Blood Disorder
Diseases





OPS/images/fbioe-07-00369-g001.gif





OPS/images/fbioe-07-00369-g002.gif
v Omdatons ST o o G sy oy
2 Hysrophobic cholestrolmalety









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
' frontiers

in Bioengineering and Biotechnology





