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Improved Edaravone delivery to the brain and crossing the blood brain barrier: using quantum mechanics
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Edv or Edv-keto Edaravone, Edv-enol Enol tautomer of Edaravone, Edv-amine Amine tautomer of Edaravone , CB[7] Cucurbit[7]uril, CB[8] Cucurbit[8]uril , {Edv-keto@CB[7]} Complex of Edv and CB[7] , {Edv-enol@CB[7]} Complex of Edv-enol and CB[7], and {Edvamine@CB[7]} Complex of Edv-amine and CB[7], BBB Blood brain barrier, OS oxidative stress, ROS reactive oxygen species, ET electron transfer, ΔG desolv,CDS free energy of water desolvation, ΔGlipo,CDS lipophilicity free energy, CDS cavity dispersion solvent structure of the first solvation shell, HOMO highest occupied molecular orbital, LUMO lowest unoccupied molecular orbital, LD50 drug toxicity, TS transition state.

Introduction

Edaravone (Edv) is a free radical scavenger FDA approved in 2017 for the treatment of amyotrophic lateral sclerosis (ALS). It has been previously investigated for the treatment of ischemic stroke, reperfusion injury, and myocardial infarction as it possesses antioxidant and anti-apoptotic properties. It was approved in Japan in 2001 as a drug to treat acute phase cerebral infarction, and in 2015 it was approved for ALS. It can cross the blood-brain barrier BBB to exert nootropic and neuroprotective effects. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF] The drug is an antioxidant, and oxidative stress is considered to be part of the process that kills neurons in people with ALS. [START_REF] Petrov | ALS Clinical Trials Review: 20 Years of Failure. Are We Any Closer to Registering a New Treatment[END_REF] However, like most therapeutic drugs, drug delivery to the target site is a major impediment to good therapeutic outcomes. The in vitro binding rates of Edv to human serum protein and albumin are 92% and 89-91%, respectively, with no concentration-dependence. About 0.7-0.9% of the dose is excreted as unchanged drug and 71.0-79.9% of the dose is excreted as metabolites through renal elimination.

[3] So it is clear that efficient Edv delivery to molecular targets in the brain is a major impediment, and the improving the ability to cross the BBB could improve therapeutic outcomes.

Lipid soluble drugs such as nicotine, caffeine, barbiturate drugs can passively permeate the BBB with ease, but more hydrophilic or charged drugs (ions) do not. The tight junction between endothelial cells of the BBB allows only small molecules, lipid-soluble molecules, and some gases to pass freely through the capillary wall and into brain tissue, oxygen and carbon dioxide are not lipid-soluble but are actively transported across the BBB to support normal cellular function of the brain. A rule of thumb says if the drug has a molecular weight <400 Da and forms <8 hydrogen bonds (ie has a lower water desolvation energy) then permeation of the BBB is easier. The BBB becomes more permeable during inflammation, allowing antibiotics and phagocytes to move across the BBB. We have previously developed a model which can successfully predict the ability of drugs to cross the BBB by diffusion or facilitated diffusion. [START_REF] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[END_REF] Various drug delivery systems have been used to protect the drug from unwanted chemical degradation, where the biological effect is pharmacokinetic. [START_REF] Norouzy | Synthetic Macrocyclic Receptors as Tools in Drug Delivery and Drug Discovery[END_REF][START_REF] Nmb Smeets | Designing Responsive Microgels for Drug Delivery Applications[END_REF][START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF][8][START_REF] Jin | Edaravone-Encapsulated Agonistic Micelles Rescue Ischemic Brain Tissue by Tuning Blood-Brain Barrier Permeability[END_REF][START_REF] Saleh | Cucurbiturils in Drug Delivery And For Biomedical Applications[END_REF][START_REF] Nj Wheate | Cucurbit[n]urils as excipients in pharmaceutical dosage forms[END_REF] Drug delivery to targets in the brain can also be enhanced by synthetic and naturally occurring drug delivery systems. Polymeric nanoparticles are potential carriers for CNS drug delivery by encapsulating drugs, hence protecting them from excretion and metabolism, as well as delivering drugs across the BBB. [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] Lipid nanoparticles can facilitate crossing the BBB to enter the brain by endocytosis. [8] Edv encapsulated micelles have been shown to target the BBB. [START_REF] Jin | Edaravone-Encapsulated Agonistic Micelles Rescue Ischemic Brain Tissue by Tuning Blood-Brain Barrier Permeability[END_REF] The use of cucurbiturils CB in drug delivery and as excipients has been widely examined. [START_REF] Saleh | Cucurbiturils in Drug Delivery And For Biomedical Applications[END_REF][START_REF] Nj Wheate | Cucurbit[n]urils as excipients in pharmaceutical dosage forms[END_REF][START_REF] Vd Uzunova | Toxicity of cucurbit[7]uril and cucurbit[END_REF][START_REF] Fong | Cisplatin cyclodextrin complexes as potential free radical chemoradiosensitizers for enhanced cisplatin treatment of cancers: a quantum mechanical study[END_REF][START_REF] Fong | Cucurbiturils as potential free radical chemoradiosensitizers for enhanced cisplatin treatment of cancers: a quantum mechanical study[END_REF][START_REF] Fong | The extravascular penetration of tirapazamine into tumours: a predictive model of the transport and efficacy of hypoxia specific cytotoxic analogues and the potential use of cucurbiturils to facilitate delivery[END_REF][START_REF] Appel | Enhanced stability and activity of temozolomide in primary glioblastoma multiforme cells with cucurbit[n]uril[END_REF] The solubility of cucurbiturils is increased by Na + ions, which is applicable in many solution-based pharmaceutical dosage forms which contain NaCl as the excipient to achieve isotonicity with blood serum. [START_REF] Nj Wheate | Cucurbit[n]urils as excipients in pharmaceutical dosage forms[END_REF] The solubility of cucurbituril inclusion complexes tends to increase in water compared to the free cucurbituril, particularly if the guest molecule is positively charged. [START_REF] Saleh | Cucurbiturils in Drug Delivery And For Biomedical Applications[END_REF][START_REF] Nj Wheate | Cucurbit[n]urils as excipients in pharmaceutical dosage forms[END_REF] In vivo studies have shown broad short term safety with high maximum tolerated doses when administered via intravenous injection (250 mg kg -1 ) for CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] and orally (600 mg kg -1 ) for a mixture of CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] and CB [8]. [START_REF] Vd Uzunova | Toxicity of cucurbit[7]uril and cucurbit[END_REF] A salient feature of macrocyclic, polymeric or nanoparticle drug delivery is whether the {encapsulated drug-carrier} complex can cross the BBB, or whether the complex merely acts to protect the drug from unwanted chemical degradation, and the biological effect is pharmacokinetic. The probability of {encapsulated drug-carrier} complexes crossing the normally impervious BBB can be aided by observations that in both HIV-1 encephalitis (HIVE) and Alzheimer's disease (AD), blood-borne activated monocyte/macrophages and lymphocytes are thought to migrate through a disrupted blood-brain barrier. [START_REF] Fiala | Cyclooxygenase-2-positive macrophages infiltrate the Alzheimer's disease brain and damage the blood-brain barrier[END_REF] Drugs encapsulated by CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] have been shown to be efficiently internalized by macrophages indicating their potential for the intracellular delivery of drugs. Also CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]-bound drug molecules can be released from the container to find their intracellular targets, human embryonic kidney 293 cells (HEK 293) and murine macrophage cell line (RAW 264.7). [START_REF] Hettiarachchi | Toxicology and Drug Delivery by Cucurbit[n]uril Type Molecular Containers[END_REF] CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] and CB [8] complexes with acridine orange and pyronine Y complexes can cross the cell membrane of 3T3 cells. [START_REF] Montes-Navajas | Cucurbituril complexes cross the cell membrane[END_REF] 

Results and Discussion

Edv has two tautomers, as shown in Figure 1. These are named as Edv-keto (Edaravone), Edvenol (the enol tautomer of Edv) and Edv-amine (the amine tautomer of Edv). In aqueous solution, at physiological pH 7.0-7.4, Edv can exist as the neutral and anionic forms as shown in Figure 2. Their relative concentrations at pH 7.4 are 28.5% and 71.5% respectively in water. The anionic form can lose an electron to form the highly reactive free radical which can undergo a number of side reactions. The oxidation potential decreases with the pH ie as the proportion of anions increases. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF] In terms of Edv being able to exert its maximum therapeutic efficacy in the brain, it is clear that the anionic form of Edv is primarily responsible for chemical degradation of Edv by various side reactions. The anionic form is calculated to be 8.6 times as reactive as the neutral form, and Edv is an excellent HO• scavenger. [START_REF] Pérez-González | OH Radical Scavenging Activity of Edaravone: Mechanism and Kinetics[END_REF] The in vitro binding rates of Edv to human serum protein and albumin are 92% and 89-91% respectively. It is not clear which of the tautomers of Edv are most reactive with the various biological species in the human body. It is not known which of the neutral Edv tautomers or the anionic form are the causes of the known side effects of Edv after intravenous injection.

We have previously described a model that has been shown to apply to a wide range of drug transport, binding, metabolic and cytotoxicity properties of cells and tumours (Equation 1). The model is based on establishing linear free energy relationships between the four drug properties and various biological processes. Equation 1 has been previously applied to passive and facilitated diffusion of a wide range of drugs crossing the blood brain barrier, [START_REF] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[END_REF] the active competitive transport of tyrosine kinase inhibitors by the hOCT3, OATP1A2 and OCT1 transporters, and cyclin-dependent kinase inhibitors and HIV-1 protease inhibitors. The model also applies to PARP inhibitors, the anti-bacterial and anti-malarial properties of fluoroquinolones, and active organic anion transporter drug membrane transport, and some competitive statin-CYP enzyme binding processes. There is strong independent evidence from the literature that ΔG desolvation , ΔG lipophilicity , the dipole moment and molecular volume are good inherent indicators of the transport or binding ability of drugs. [START_REF] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[END_REF][START_REF] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF][START_REF] Fong | The role of free radicals in the effectiveness of anti-cancer chemotherapy in hypoxic ovarian cells and tumours[END_REF][START_REF] Fong | Free radicals in chemotherapy induced cytotoxicity and oxidative stress in triple negative breast and ovarian cancers under hypoxic and normoxic conditions[END_REF][START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides[END_REF][START_REF] Fong | The effect of desolvation on the binding of inhibitors to HIV-1 protease and cyclin-dependent kinases: Causes of resistance[END_REF][START_REF] Fong | Physiology of ionophore transport of potassium and sodium ions across cell membranes: Valinomycin and 18-Crown-6 Ether[END_REF][START_REF] Fong | Statins in therapy: Understanding their hydrophilicity, lipophilicity, binding to 3hydroxy-3-methylglutaryl-CoA reductase, ability to cross the blood brain barrier and metabolic stability based on electrostatic molecular orbital studies[END_REF][START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF][START_REF] Fong | A novel predictive model for the anti-bacterial, anti-malarial and hERG cardiac QT prolongation properties of fluoroquinolones[END_REF][START_REF] Fong | Statins in therapy: Cellular transport, side effects, drug-drug interactions and cytotoxicity -the unrecognized role of lactones[END_REF][START_REF] Fong | Drug discovery model using molecular orbital computations: tyrosine kinase inhibitors[END_REF] Equation 1: Transport or Binding or Cytotoxicity = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment + Molecular Volume Eq 1 uses the free energy of water desolvation (ΔG desolv,CDS ) and the lipophilicity free energy (ΔG lipo,CDS ) where CDS represents the non-electrostatic first solvation shell solvent properties. CDS may be a better approximation of the cybotactic environment around the drug approaching or within the protein receptor pocket, or the cell membrane surface or the surface of a drug transporter, than the bulk water environment outside the receptor pocket or cell membrane surface. The CDS includes dispersion, cavitation, and covalent components of hydrogen bonding, hydrophobic effects. Desolvation of water from the drug (ΔG desolv,CDS ) before binding in the receptor pocket is required, and hydrophobic interactions between the drug and protein (ΔG lipo,CDS ) is a positive contribution to binding. The lipophilicity ΔG lipo,CDS is calculated from the solvation energy in n-octane or n-octanol. In some biological processes, where biological reduction may be occurring, and the influence of molecular volume is small, the reduction potential (electron affinity) has been included in place of the molecular volume. In other processes, the influence of some of the independent variables is small and can be eliminated to focus on the major determinants of biological activity.

We have recently used this model to develop a predictive model of the transport and efficacy of hypoxia specific cytotoxic analogues of tirapazmine and the effect on the extravascular penetration of tirapazamine into tumours. [START_REF] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF] It was found that the multiparameter model of the diffusion, antiproliferative assays IC 50 and aerobic and hypoxic clonogenic assays for a wide range of neutral and radical anion forms of tirapazamine (TPZ) analogues showed: (a) extravascular diffusion is governed by the desolvation, lipophilicity, dipole moment and molecular volume, similar to passive and facilitated permeation through the blood brain barrier and other cellular membranes, (b) hypoxic assay properties of the TPZ analogues showed dependencies on the electron affinity, as well as lipophilicity and dipole moment and desolvation, similar to other biological processes involving permeation of cellular membranes, including nuclear membranes, (c) aerobic assay properties were dependent on the almost exclusively on the electron affinity, consistent with electron transfer involving free radicals being the dominant species.

The model (eq 2) has also been recently applied to triple negative breast and ovarian cancers where transient and stable free radicals are involved in the cytotoxic oxidative stress processes. The electron affinity of the various drugs, along with the water desolvation, lipophilicity and dipole moment, has been shown to be an important predictor of cytotoxic efficacy. [START_REF] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF][START_REF] Fong | The role of free radicals in the effectiveness of anti-cancer chemotherapy in hypoxic ovarian cells and tumours[END_REF][START_REF] Fong | Free radicals in chemotherapy induced cytotoxicity and oxidative stress in triple negative breast and ovarian cancers under hypoxic and normoxic conditions[END_REF][START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | Toxicology of platinum anticancer drugs: oxidative stress and antioxidant effect of stable free radical Pt-nitroxides[END_REF] In our recent study of ORAC and CellROX free radical anticancer drugs and oxidative stress in colorectal cancer cells [START_REF] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF] we found that eq 2 was also applicable. Equation 2.

Oxidative Stress or Oxidative Properties = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment + Electron Affinity

Previous studies clearly indicate that it is the enol tautomer which at physiological pH 7.0-7.4 can form the anionic species of Edv that is responsible for much of the chemical degradation after intravenous infusion. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF] The antioxidant properties of Edv which are responsible for its chemotherapeutic efficacy against ALS, ischemic stroke and possible its nootropic and neuroprotective properties can be assessed by adiabatic electron affinity of the tautomers and the use of eq 2. [START_REF] Montes-Navajas | Cucurbituril complexes cross the cell membrane[END_REF][START_REF] Pérez-González | OH Radical Scavenging Activity of Edaravone: Mechanism and Kinetics[END_REF][START_REF] Fong | Screening anti-colorectal cancer drugs: free radical chemotherapy[END_REF][START_REF] Fong | Free radical anticancer drugs and oxidative stress: ORAC and CellROXcolorectal cancer cells by quantum chemical determinations[END_REF][START_REF] Fong | The role of free radicals in the effectiveness of anti-cancer chemotherapy in hypoxic ovarian cells and tumours[END_REF] The chemical reactivity of the tautomers can be assessed by the HOMO-LUMO energy gap, since we have recently shown that this gap is linearly related to the LD 50 toxicity of various drugs which are involved in oxidative stress processes in some cancers. [START_REF] Fong | Free radicals in chemotherapy induced cytotoxicity and oxidative stress in triple negative breast and ovarian cancers under hypoxic and normoxic conditions[END_REF][START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF] Table 1 list the key molecular properties of Edv and its tautomers in water. It can be seen that the three neutral tautomers have very similar properties suggesting that all three would have similar abilities to permeate the BBB, assuming eq 1 holds for these species. [START_REF] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[END_REF] However the Edv-enol tautomer is inherently less reactive than the Edv-keto and Edv-amine tautomers based on its HOMO -LUMO gap, and has a lower reducing potential, but these factors are offset at physiological pH levels where the enol tautomer easily forms the anionic species which is more chemically reactive than the neutral tautomers. The properties of the anionic form and the free radical Edv• are also shown in Table 1.

An attractive means by which the clinical efficacy of Edv could be enhanced by increasing its delivery efficiency to the brain is by encapsulating Edv in cucurbiturils, namely cucurbit [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]uril [CB7] and cucurbit [8]uril [CB8] which have known abilities to protect drugs from unwanted side reactions which reduce the availability of the drugs to its intended targets. The three inclusion complexes of Edv with CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] have been examined: {Edv-keto@CB[7]}, {Edv-enol@CB[7]}, and {Edv-amine@CB[7]}. Also {Edv-keto@CB [8]} was cursorily examined for comparison with the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] complex.

Figures 3, 4 and5 shows {Edv-keto@CB[7]}, {Edv-enol@CB[7]}, and {Edv-amine@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complexes in water. It can be seen that the complexes are quite similar in overall structure. There are many possible configurations for {Edv-keto@CB[7]}, {Edv-enol@CB[7]}, and {Edvamine@CB[7]} and it is not possible to test for all possibilities. The configurations shown in Figures 3,4 and 5 are similar, with the phenyl ring protruding out of the top portal of CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] and the rest of the molecules buried within the cavity. These configurations then allow a direct comparison of how well the Edv-keto, Edv-enol and Edv-amine tautomers can interact with the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] container. Energy minimizations to the transition states for insertion of the tautomers into the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] can then be compared using the same dispersion corrected DFT method. It is noted that chosen DFT methods may not be the optimum methods but should allow examination of comparative differences between the stability and reactivity of the three complexes in similar configurations.

Table 2 list the ΔG absolute stabilities of the complexes, the ΔG activation energies, and the HOMO-LUMO energy gaps for the complexes, relative to the {Edv-keto@CB[7]} complex. Since there are many possible configurations it is more informative to compare activation energies than various ground state configurations as an indicator of the relative ability to the tautomers to bind with the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] and CB [8]. The configurations shown in Figures 3,4 and5 are quite similar with respect to the orientations of the Edv tautomers to the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]. The dipole moments of the complexes are also shown.

Thermodynamic properties were calculated using two methods: (a) DFT/B3LYP/6-31+G(d) high level // DFT/B3LYP/3-21G low level with the empirical dispersion = GD3BJ correction in water, and (b) DFT/B3LYP/6-31+G(d) high level // UFF/Qeq/electronic embedding low level with the empirical dispersion = GD3BJ correction in water. The Qeq charge equilibration methods evaluates the electrostatic potential by assigning point charges to each atom. Method (a) allows molecular orbital interaction between the Edv tautomers and the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] whereas (b) allows only electrostatic interaction between the Edv tautomers and the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] with appropriate GD3BJ dispersion corrections.

As seen in Table 1, the thermochemical absolute free energy stabilities ΔG in water of the {Edvketo@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} and {Edv-enol@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complexes are comparatively very similar using the full QM method (a), whereas the {Edv-amine@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]}is far less stable, due to hydrogen bonding between the N-H and a O=C of CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]: Edv-amine (N-H---O=C) CB7, 1.55Å. Egress of Edvamine occurs when {Edv-amine@CB7}is energy minimized with no Edv-amine (N-H---O=C) CB7 H bonding with method (b) which uses the electrostatic Qeq/UFF force field to describe the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]. It is noted that no egress of Edv-keto or Edv-enol from the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] occurs during energy minimization when using method (b). It is clear that the {Edv-amine@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complex is less stable than the {Edv-keto@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} and {Edv-enol@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complexes based on its lower absolute stability, the lower HOMO-LUMO energy gaps, and higher dipole moment (more polarized).

The higher TS energy for the {Edv-amine@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complex compared to the {Edvketo@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} and {Edv-enol@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complexes is a result of the H bond Edv-amine (N-H---O=C) CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]. All TSs had negative ΔG values. A non-transition state configuration of {Edvamine@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} without imaginary frequencies had a binding energy in water of -15.7 kcal/mol, with a Edv-amine (N-H---O=C) CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] H bond length of 1.60Å (compared to a value of 1.55Å in the TS).

It can also been seen in Table 1, that {Edv-keto@CB [8]} complex is very similar in properties as the {Edv-keto@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} and {Edv-enol@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complexes, but noting that the configuration examined in Figure 6 has a side orientation with the Edv-keto placed lengthwise. A more vertical orientation of the Edv-keto would be expected to show a lower TS energy and greater HOMO-LUMO energy gap as the CB [8] has a larger portal than the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF].

Conclusions

It has shown that the three neutral tautomers of Edv have very similar molecular properties suggesting that all three would have similar abilities to permeate the BBB. [START_REF] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[END_REF] The Edv-enol tautomer is inherently less reactive than the Edv-keto and Edv-amine tautomers based on its HOMO -LUMO gap, and has a lower reducing potential, but these factors are offset at physiological pH levels in the body where the enol tautomer easily forms the anionic species which is more chemically reactive than the neutral tautomers. There is no evidence in the literature whether the Edv-keto or the Edv-amine tautomer is the more active species therapeutically. [START_REF] Watanabe | How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis?[END_REF][START_REF] Petrov | ALS Clinical Trials Review: 20 Years of Failure. Are We Any Closer to Registering a New Treatment[END_REF][3] This study cannot differentiate between the radical scavenging reactivity or ability to permeate the BBB by the Edv-keto or the Edv-amine tautomers.

In has been shown that the tautomers of Edv can form inclusion complexes with CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] and CB [8]. The {Edv-keto@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} and {Edv-enol@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complexes have similar stabilities, but the {Edv-amine@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]}is significantly less stable than the {Edv-keto@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} and {Edvenol@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complexes. The {Edv-amine@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complex forms a hydrogen bond between the Edv-amine N-H and a O=C of CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF].

These results demonstrate that improved drug delivery of Edv therapy could be achieved by encapsulating Edv within CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] such that the Edv-enol form would be protected against the anionic forming side reaction at physiological pH levels in the body. The Edv-keto and Edv-enol tautomers have similar propensities to form inclusion CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] complexes in water.

The Edv-amine tautomer forms a less stable CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] complex, and the formation of a H bond between the Edv-amine N-H and a O=C of CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] could be disrupted at slightly acidic pH by protonating the Edv-amine N-H moiety within the CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] cavity. This route offers a potential pathway into investigating the different therapeutic efficacy of the Edv-amine tautomer compared to that of the Edv-keto and Edv-enol forms.

There is potential for altering the relative concentrations of the Edv tautomers in the inclusion complexes by using polar aprotic solvents to form the {Edv-keto@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complex preferentially over the formation of the {Edv-enol@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} which is expected to be favoured in water. This selectivity is not available using micelles delivery systems which are water based systems. [START_REF] Jin | Edaravone-Encapsulated Agonistic Micelles Rescue Ischemic Brain Tissue by Tuning Blood-Brain Barrier Permeability[END_REF] There is some literature evidence that supports the potential for {Edv@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complexes to be transported across the BBB possibly by macrophages [START_REF] Fiala | Cyclooxygenase-2-positive macrophages infiltrate the Alzheimer's disease brain and damage the blood-brain barrier[END_REF][START_REF] Hettiarachchi | Toxicology and Drug Delivery by Cucurbit[n]uril Type Molecular Containers[END_REF].

Finally, this study has demonstrated that it may be possible to differentiate which of the Edv tautomers has greater therapeutic efficacy and drug delivery in the brain. 

Experimental Methods

All calculations were carried out using the Gaussian 09 package. Energy optimizations were at the DFT/B3LYP/6-31G(d,p) (6d, 7f) or DFT/B3LYP/3-21G (for larger molecules) level of theory for all atoms. Selected optimizations at the DFT/B3LYP/6-311+G(d,p) (6d, 7f) level of theory gave very similar results to those at the lower level. Optimized structures were checked to ensure energy minima were located, with no imaginary frequencies. Energy calculations were conducted at the DFT/B3LYP/6-31G(d,p) (6d, 7f) for neutral compounds and DFT/B3LYP/6-31+G(d) (6d, 7f) level of theory for anions with optimized geometries in water, using the IEFPCM/SMD solvent model. With the 6-31G* basis set, the SMD model achieves mean unsigned errors of 0.6 -1.0 kcal/mol in the solvation free energies of tested neutrals and mean unsigned errors of 4 kcal/mol on average for ions. [START_REF] Av Marenich | Universal Solvation Model Based on Solute Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions[END_REF] The 6-31G** basis set has been used to calculate absolute free energies of solvation and compare these data with experimental results for more than 500 neutral and charged compounds. The calculated values were in good agreement with experimental results across a wide range of compounds. [START_REF] Rayne | Accuracy of computational solvation free energies for neutral and ionic compounds: Dependence on level of theory and solvent model[END_REF][START_REF] Rizzo | Estimation of Absolute Free Energies of Hydration Using Continuum Methods: Accuracy of Partial Charge Models and Optimization of Nonpolar Contributions[END_REF] Adding diffuse functions to the 6-31G* basis set (ie 6-31+G**) had no significant effect on the solvation energies with a difference of less than 1% observed in solvents, which is within the literature error range for the IEFPCM/SMD solvent model. HOMO and LUMO calculations included both delocalized and localized orbitals (NBO).

Edaravone and its tautomers encapsulated inside cucurbit [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]uril [CB7] and cucurbit [8]uril [CB8] were optimized using the ONIOM methods: (1) DFT/B3LYP/6-31+G(d) high level // DFT/B3LYP/3-21G low level with the empirical dispersion = GD3BJ correction in water and (2) at the DFT/B3LYP/6-31+G(d) high level // UFF/Qeq/electronic embedding low level with the empirical dispersion = GD3BJ correction in water, and Similar comparative results were obtained with both methods, with the exception of the {Edv-enol@CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF]} complex where Edv N-H ---O=C CB [START_REF] Tosi | Polymeric nanoparticles for the drug delivery to the central nervous system[END_REF] hydrogen bonding occurs in the complex. Energy calculations of the CB complexes were conducted at the DFT/B3LYP/6-31+G(d) high level // DFT/B3LYP/6-31G(d) low level with the empirical dispersion = GD3BJ correction in water. Both SMD and CPCM solvation models were used with similar results.

Electron affinities (EA) in eV in water were calculated by the SCF difference between the optimized/relaxed neutral and optimized radical species method as previously described. [START_REF] Montes-Navajas | Cucurbituril complexes cross the cell membrane[END_REF][START_REF] Fong | Statins in therapy: Understanding their hydrophilicity, lipophilicity, binding to 3hydroxy-3-methylglutaryl-CoA reductase, ability to cross the blood brain barrier and metabolic stability based on electrostatic molecular orbital studies[END_REF][START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF][START_REF] Fong | A novel predictive model for the anti-bacterial, anti-malarial and hERG cardiac QT prolongation properties of fluoroquinolones[END_REF] It has been shown that the B3LYP functional gives accurate electron affinities when tested against a large range of molecules, atoms, ions and radicals with an absolute maximum error of 0.2 eV. [START_REF] Jc Rienstra-Kiracofe | Atomic and molecular electron affinities: Photoelectron experiments and theoretical computations[END_REF][38][39] It is noted that high computational accuracy for each species in different environments is not the focus of this study, but comparative differences between various tautomeric species is the aim of the study.
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 456 Figure 4. {Edv-enol@CB[7]} Left image top view, right image side view

Table 1 Edv-keto Edv-enol Edv-amine Edv-anion Edv•

 1 

		Figure 1	Figure 1	Figure 1	Figure 2	Figure 2
	ΔG desolv,CDS kcal/mol	4.59	4.54	5.36	4.50	4.56
	Desolvation energy					
	ΔG lipo,CDS kcal/mol	-4.86	-4.57	-4.86	-4.72	-4.82
	Lipophilicity					
	Dipole Moment D	5.14	3.95	9.00	7.21	3.37
	Molecular Volume	135	132	162	120	144
	cm 3 /mol					
	Adiabatic Electron	1.57	1.18	1.55		
	Affinity AEA eV					
	HOMO -LUMO Gap	5.09	6.96	5.10	4.69	5.46
	eV					

Table 2 {Edv-keto@CB[7]}

 2 

			{Edv-enol@CB[7]}	{Edv-amine@CB[7]}	{Edv-keto@CB[8]}
		Figure 3	Figure 4	Figure 5	Figure 6
	Absolute stability ΔG	0 method 1	-8.3 less stable	-24.9 H bond	
	kcal/mol	0 method 2	31.0 more stable	Edv-amine egress occurs	
	Transition state ΔG	0 method 1	3.5 higher energy	35.8 H bond *	3.4
	kcal/mol	0 method 2	-9.1 lower energy	-1.4	
	HOMO-LUMO Gap eV	0 method 1	0.13 more stable	-0.6 less stable	-0.2
		0 method 2	0	-0.6	
	Dipole moment D	5.0 method 1	5.0	10.45	6.2
		2.3 method 2	3.7	10.6	
	Footnotes: Method 1: DFT/B3LYP/6-31+G(d) high level // DFT/B3LYP/3-21G low level with the empirical dispersion = GD3BJ correction in
	water. Method 2: DFT/B3LYP/6-31+G(d) high level // UFF/Qeq/electronic embedding low level with the empirical dispersion = GD3BJ
	correction in water. H bonding: Edv-amine (N-H---O=C) CB7, 1.55Å. Egress of Edv-amine occurs when {Edv-amine@CB7}is energy
	minimized with no Edv-amine (N-H---O=C) CB7 H bond. * A non-transition state configuration of {Edv-amine@CB[7]} without imaginary
	frequencies had a binding energy in water of -15.7 kcal/mol, with a Edv-amine (N-H---O=C) CB[7] H bond length of 1.60Å.