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Free radical anticancer drugs and oxidative stress: ORAC and CellROX-colorectal cancer cells by quantum chemical determinations

Introduction

There is extensive evidence supporting involvement of electron transfer (ET), reactive oxygen species (ROS) and oxidative stress (OS) in the mechanism of many anticancer drugs. These free radical ET agents function catalytically in redox cycling with formation of ROS from oxygen. [START_REF] Kovacic | Unifying mechanism for anticancer agents involving electron transfer and oxidative stress: clinical implications[END_REF][START_REF] Sainz | Radical Decisions in Cancer: Redox Control of Cell Growth and Death[END_REF][START_REF] Wardman | Electron transfer and oxidative stress as key factors in the design of drugs selectively active in hypoxia[END_REF] The metabolism of a drug may generate a reactive intermediate that can reduce molecular oxygen directly to generate ROS. [START_REF] Dg Deavall | Drug-Induced Oxidative Stress and Toxicity[END_REF] OS is known to be involved both tumour development and responses to anticancer therapies. The metabolism of reactive oxygen species is linked to tumorigenesis through signalling, and it is known that high ROS levels are generally detrimental to cells, and the redox properties of cancer cells differs from that of normal cells. The cellular mitochondrial electron transport system is a critical source of ROS and OS. Cancer cells show elevated ROS levels which are counter balanced by an increased antioxidant capacity. While high ROS levels may constitute a barrier to tumorigenesis, conversely ROS can also promote tumour formation by inducing DNA mutations and pro-oncogenic signalling pathways. At low to moderate levels, ROS may contribute to tumour formation either by acting as signalling molecules or by promoting the mutation of genomic DNA. Cancer cells characteristically have a high antioxidant capacity that regulates ROS to levels that are compatible with cellular biological functions but still higher than in normal cells. Targeting these high antioxidant defence mechanisms is a strategy to kill cancer cells but not normal cells. [START_REF] Gorrini | Modulation of oxidative stress as an anticancer strategy[END_REF][START_REF] Liu | Increased Oxidative Stress as a Selective Anticancer Therapy, Oxidative Medicine and Cellular Longevity[END_REF][START_REF] Sitthimonchai | Mechanism-based in vitro screening of potential cancer chemopreventive agents[END_REF][START_REF] De | Oxidative Therapy Against Cancer, Oxidative Stress and Diseases[END_REF] Many anticancer drugs are known to produce unwanted OS in patients during chemotherapy. However, all antineoplastic agents generate some ROS as they induce apoptosis in cancer cells, because one of the pathways of drug-induced apoptosis involves the release of cytochrome C from mitochondria. When this occurs, electrons are diverted from the electron transfer system to oxygen by NADH dehydrogenase and reduced coenzyme Q10, resulting in the formation of superoxide radicals. [START_REF] Gorrini | Modulation of oxidative stress as an anticancer strategy[END_REF] Clearly the chemotherapeutic efficacy of antineoplastic drugs is a tradeoff of tumour cytotoxicity and unwanted side effects elsewhere in the body. High levels of ROS can inhibit apoptosis at a caspase level and change the antineoplastic therapy from apoptosis to necrosis. The rupture of necrotic cells in solid tumours release enzymes that degrade nearby tissues, whereas apoptotic cells do not release their contents and are phagocytosed by macrophages. [START_REF] De | Oxidative Therapy Against Cancer, Oxidative Stress and Diseases[END_REF] Many currently prescribed antineoplastic drugs induce high levels of free radicals and OS, with patients showing ROS-induced lipid peroxidation in their plasma, have reduced blood levels of vitamin E, vitamin C and β-carotene, and decreased tissue glutathione levels. Amongst the common antineoplastic drugs, the severity of OS varies from: (a) very high, anthracyclines: such as doxorubicin, epirubicin [START_REF] Davies | Redox cycling of anthracyclines by cardiac mitochondria. I. Anthracycline radical formation by NADH dehydrogenase[END_REF][START_REF] Jh Doroshow | Redox cycling of anthracyclines by cardiac mitochondria. II. Formation of superoxide anion, hydrogen peroxide, and hydroxyl radical[END_REF] (b) moderately high, Pt-complexes: such as cisplatin, carboplatin, oxaliplatin, alkylating agents: such as cyclophosphamide, dicarbazine, temozolomide, cisplatins, nimustine, epipodophyllotoxins: such as etoposide and teniposide, camptothecins: such as irinotecan, topotecan, and (c) low, purines/pyrimidines: such as 5fluorouracil, gemcitabine, carmofur, antimetabolites: such as 2-methoxyestradiol, cytarabine, mercaptopurine, taxanes: such as paclitaxel, vinca alkaloids: such as vinblastin, vincristine, vinorelbine. [START_REF] Ka Conklin | Chemotherapy-Associated Oxidative Stress: Impact on Chemotherapeutic Effectiveness[END_REF][START_REF] Gerhäuser | Mechanism-based in vitro screening of potential cancer chemopreventive agents[END_REF][START_REF] Jomova | Advances in metal-induced oxidative stress and human disease[END_REF][14][15][START_REF] Sinha | Free radicals in anticancer drug pharmacology[END_REF][START_REF] Fong | Platinum based radiochemotherapies: Free radical mechanisms and radiotherapy sensitizers[END_REF][START_REF] Fong | Platinum anti-cancer drugs: Free radical mechanism of Pt-DNA adduct formation and anti-neoplastic effect[END_REF] Other antineoplastic drugs or therapies [START_REF] Gorrini | Modulation of oxidative stress as an anticancer strategy[END_REF][START_REF] Liu | Increased Oxidative Stress as a Selective Anticancer Therapy, Oxidative Medicine and Cellular Longevity[END_REF][START_REF] Sitthimonchai | Mechanism-based in vitro screening of potential cancer chemopreventive agents[END_REF][START_REF] De | Oxidative Therapy Against Cancer, Oxidative Stress and Diseases[END_REF] which involve free radicals and OS in their therapies include: (i) Cytotoxic antibiotics: such as mitomycin C, mitoxantrone, and actinomycin. Mitomycin C has been shown to induce apoptosis through DNA strand breakage and ROS induction and has been used in treating a wide variety of cancers including ovarian cancer. [START_REF] Fang | Tumor-targeted induction of oxystress for cancer therapy[END_REF][START_REF] Sinha | Free radicals and anticancer drug resistance: oxygen free radicals in the mechanisms of drug cytotoxicity and resistance by certain tumors[END_REF] Actinomycin D causes breaks in DNA, and actinomycin treatment sensitizes subsequent treatment (eg TRAIL,TNF-alpha) to apoptosis by elevating reactive oxygen species concentration. [START_REF] Brodská | Generation of Reactive Oxygen Species during Apoptosis Induced by DNA-Damaging Agents and/or Histone Deacetylase Inhibitors[END_REF] (ii) PARP inhibitors: such as olaparib, rucaparib, veliparib, niraparib inhibit the action of the enzyme PARP, and reduce the capacity to repair ROS-induced DNA damage. [START_REF] Hou | Increased oxidative stress mediates the antitumor effect of PARP inhibition in ovarian cancer[END_REF] (iii) Nitroxides: such as Tempol and its analogues, camptothecins, which are stable free radicals, can act as antioxidants and anticancer drugs. The antioxidant nature is associated with their redox cycles, and the ability to engage in single electron oxidation reduction reactions. As anticancer drugs they are only toxic to tumour cells, not normal cells. Studies have confirmed their efficacy against breast, liver, lung, thyroid, ovarian and lymphatic cancers. [START_REF] Lewandowski | Nitroxides as Antioxidants and Anticancer Drugs[END_REF] (iv) Immunotherapy: Adoptive T cell immunotherapy can change the metabolism of tumour cells, and tumour necrosis factor alpha can act directly on tumour cells and induce ROS inside them. Higher ROS levels correlated with high tumour cell death. It was found that tumor necrosis factor alpha synergizes with chemotherapy to increase OS and cancer cell death. Pro-oxidants drugs known to raise ROS levels can replicate the tumour-killing benefit of adoptive T cell therapy. [START_REF] Habtetsion | Alteration of Tumor Metabolism by CD4 T Cells Leads to TNF-α-Dependent Intensification of Oxidative Stress and Tumor Cell Death[END_REF] (v) Radiotherapy also is another exogenous source of free radicals and OS.

There are few systematic studies of known antineoplastic drugs and their ability to induce OS in cells. Yokoyama [START_REF] Yokoyama | Induction of oxidative stress by anticancer drugs in the presence and absence of cells[END_REF] has examined a wide range of currently prescribed anti-cancer drugs for induced OS in DLD-1 human colorectal cancer cells using CellROX, as well as using oxygen radical absorbance capacity assays (ORAC and ORAC/Cu) to estimate the oxidative activities of the anticancer drugs in the absence of cells. It was found that vinorelbine, vinblastin, camptothecin, paclitaxel, doxorubicin, actinomycin D, mitomycin C, mercaptopruine and carmofur induced OS in the colorectal cancer cells as judged by CellROX. However the no consistent conclusion could be reached when comparing the CellROX results with the ORAC and ORAC/Cu assays, though some drugs showed consistent oxidative properties in both the CellROX and ORAC or ORAC/Cu assays.

Results

The CellROX data for DLD-1 human colorectal cancer cells and the in vitro ORAC or ORAC/Cu assays for a series of antineoplastic drugs taken from Yokoyama [START_REF] Yokoyama | Induction of oxidative stress by anticancer drugs in the presence and absence of cells[END_REF] has been analysed using a previously described 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, 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 | 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] Fong | Permeability of the Blood-Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important Compounds[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 3-hydroxy-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 or Electron Affinity Or

Transport or Binding or Cytotoxicity = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment + Electron Affinity

Or Equation 2: used in this study

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

Equation 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. ΔG lipo,CDS is calculated from the solvation energy in n-octane. 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 | 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] 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 has 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 | 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 | The role of free radicals in the effectiveness of anti-cancer chemotherapy in hypoxic ovarian cells and tumours[END_REF][START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF] CellROX Oxidative Stress Reagents are proprietary fluorogenic probes designed to reliably measure ROS in live cells. The cell-permeable reagents are non-fluorescent or very weakly fluorescent while in a reduced state and upon oxidation exhibit strong fluorogenic signal. CellROX Green Reagent is a DNA dye, and upon oxidation, it binds to DNA; thus, its signal is localized primarily in the nucleus and mitochondria.

The ORAC assay involves free radical damage to a fluorescent probe, (usually fluorescein), caused by an oxidizing reagent, resulting in a time dependent decrease of fluorescent intensity, which can be correlated with the amount of oxidant present. Conversely, inhibition of oxidative damage to the fluorescent probe can be correlated with the antioxidant capacity of a compound acting as a free radical scavenger. Free radical sources usually involve AAPH which produce ROO• or RO• radicals.

Reactions containing antioxidants and blanks are typically run in parallel with a known equivalent of a ROS generator and fluorescent probe. Reactions are typically run to completion allowing the determination of the area under the resultant kinetic curve (AUC). Antioxidant protection can then be quantified by subtraction of AUC of the blank reaction from those reactions containing antioxidant. The resultant difference is considered to be the antioxidant protection conferred by the sample compound.

The antioxidant properties of Trolox remain a popular standard against which the antioxidant capacity of a range of substances can be related. Thus, ORAC results are commonly referred to as Trolox equivalents (TE) as calculated from comparison to a Trolox calibration curve. The AUC calculation combines both the inhibition time as well as inhibition percentage of free radical damage by the antioxidant into a single value.

The Table shows the molecular properties of 20 commonly used anticancer drugs calculated by quantum mechanical methods and their CellROX, ORAC and ORAC/Cu experimental values. The drugs are calculated as free radicals which assumes that single electron transfer has occurred under the CellROX and ORAC or ORAC/Cu experimental conditions. The pKa of some drugs indicates that some degree of protonation or diprotonation can exist at neutral pH levels for certain drugs under the experimental conditions. [START_REF] Yokoyama | Induction of oxidative stress by anticancer drugs in the presence and absence of cells[END_REF] The calculated molecular properties of Trolox are also given as a reference point. The oxidant properties of other pure anticancer drugs in the ORAC assay have been previously examined. [START_REF] Gerhäuser | Mechanism-based in vitro screening of potential cancer chemopreventive agents[END_REF] General equation 2 has been used to analyse the CellROX oxidative stress data in the Table :   Eq 3(a) Oxidative stress (OS) for 25 anion radical drugs = .

desol,CDS -. lipo,CDS + .

-. + .

Where R 2 = 0.658, SEE = 0.715, SE(ΔG desol,CDS ) = 0.05, SE(ΔG lipo,CDS ) = 0.05, SE(DM) = 0.01, SE(EA) = 0.10, F=11.12, Significance F = 0.0000 Eq 3(a) shows no significant dependence on ΔG desolv,CDS and DM as the magnitude of the coefficients are smaller than the SE. It is also noted that the robustness of eq 3(a) and 3(b) is only moderate as the OS values as measured by CellROX have only unitary precision values.

Eq 3(b) Oxidative stress (OS) for 25 anion radical drugs = -. lipo,CDS -. + .

Where R 2 = 0.651, SEE = 0.722, SE(ΔG lipo,CDS ) = 0.03, SE(EA) = 0.10, F=20.53, Significance F = 0.0000 

Analyses of the ORAC data in the

Discussion

The The CellROX results must differ from the in vitro ORAC results since cellular membrane transport processes are involved in permeating the cell membrane and then the nucleus membrane before mitochondrial redox reactions can lead to formation of radical drug species.

Redox imbalance between oxidants such as ROS and antioxidants such as anticancer drugs is known to be important in many cancers, particularly colorectal cancer. The regulation of ROS levels by anticancer drugs may involve mitochondrial or endoplasmic reticulum processes. For example cisplatin is thought to induce a mitochondrial dependent ROS generation, but carboplatin is thought to induce ROS in the endoplasmic reticulum. Mitochondrial electron transfer to the drug is a complex process, and appears to involve some lipophilic drug-enzyme interaction. This may explain why the dependence of lipophilicity is about the same as the dependence on EA in eq 3(b). [START_REF] Liu | Redox Imbalance in the Development of Colorectal Cancer[END_REF][START_REF] Aa Farooqi | Anticancer drugs for the modulation of endoplasmic reticulum stress and oxidative stress[END_REF][START_REF] Mandic | Cisplatin Induces Endoplasmic Reticulum Stress and Nucleus-independent Apoptotic Signaling[END_REF] The mechanism by which some anticancer drugs (such as taxane, vinxa alkaloids or antimetabolites) can regulate oxidative stress is through the promotion of cytochrome C from the mitochondria, while other drugs such as cisplatin, carboplatin and anthracyclines (such as doxorubicin) generate very high ROS levels. Doxorubicin interferes with coenzyme Q10 in the mitochondria to induce ROS production to exert its anticancer effect. [START_REF] Gorrini | Modulation of oxidative stress as an anticancer strategy[END_REF] The bioreduction of anticancer drugs in the nucleus or endoplasmic reticulum is also known to occur via NADPH:cytochrome P450 reductase and cytochrome b 5 etc. [1-5, 20, 43] It is known that there is a strong relationship between OS and ROS and colorectal cancer (CRC). Chronic OS in patients is a known risk factor for CRC and that OS may begin in the polyp stage of CRC. Modulation of OS is an accepted anticancer strategy in CRC. 5-Fluorouracil is commonly used in the clinic for stage II and III CRC, and in addition to damaging DNA, also elevates ROS, thereby positively regulating p53 proteins and inducing cancer cell apoptosis.

There is evidence that antioxidants such as vitamin D and E, selenium and β-carotene decrease the risk and mortality of CRC. [START_REF] Liu | Redox Imbalance in the Development of Colorectal Cancer[END_REF] The much smaller dependence on drug lipophilicity compared to EA in eq 4(b) and 5(b) in the ORAC assays possibly reflects some radical-drug interaction during the dominant electron transfer reaction that results in the formation of the Drug• species.

Eqs 3(b), 4(b) and (5b) are entirely consistent with the involvement of the radical form of these antineoplastic drugs in oxidative stress and redox processes, and are consistent with the known literature on oxidative stress for these drugs.

Eqs 4(b) and 5(b) also validate that radicals are involved in the in vitro ORAC reactions. The presence of radicals in ORAC assays has been shown by the ORAC/EPR method. [START_REF] Kohri | An oxygen radical absorbance capacity-like assay that directly quantifies the antioxidant's scavenging capacity against AAPHderived free radicals[END_REF][START_REF] Kohri | Reactive oxygen radical-scavenging activity assay by photolysis of azoradical initiator without exposing samples to ultraviolet light: A preliminary feasibility study of a modified assay[END_REF] 

Conclusions

It has been shown that the radical form of a wide range of current antineoplastic drugs is involved in oxidative stress processes in human DLD-1 human colorectal cancer cells as determined by the CellROX assay. The oxidative stress capability of these drugs is dependent on the lipophilicity and electron affinity of the drugs in water. All of the drugs examined are known to be involved in oxidative processes to some degree according to literature sources.

The antioxidant properties of the radical drug species in the ORAC or ORAC/Cu assays are also dependent on the lipophilicity and electron affinity properties of the drugs.

Linear equations have been derived which can predict the oxidative stress in colorectal cancer cells and the redox behavior in the ORAC assays. 

Materials and 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 negative frequencies. Energy calculations were conducted at the DFT/B3LYP/6-31+G(d,p) (6d, 7f) level of theory 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).

Electron affinities (EA) in eV in water were calculated by the SCF difference between the optimised/relaxed neutral and optimised radical species method as previously described. [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] 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] Peverati | The quest for a universal density functional: the accuracy of density functionals across a broad spectrum of databases in chemistry and physics[END_REF][START_REF] Jc Rienstra-Kiracofe | Atomic and molecular electron affinities: Photoelectron experiments and theoretical computations[END_REF][START_REF] Ke Riley | Critical Assessment of the Performance of Density Functional Methods for Several Atomic and Molecular Properties[END_REF][START_REF] Cg Zhan | Ionization Potential, Electron Affinity, Electronegativity, Hardness, and Electron Excitation Energy: Molecular Properties from Density Functional Theory Orbital Energies[END_REF] 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 species is the aim of the study. The literature values for CellROX and ORAC used to develop the multiple regression LFER equations have much higher experimental uncertainties than the calculated molecular properties. The statistical analyses include the multiple correlation coefficient R 2 , the F test of significance, standards errors for the estimates (SEE) and each of the variables SE(ΔG desolCDS ), SE(ΔG lipoCDS ), SE(Dipole Moment), SE (EA) as calculated from "t" distribution statistics. Residual analysis was used to identify outliers.

  results from the CellROX in vivo determinations in eq 3(b) are very similar to those shown for the in vitro ORAC in eq 4(b) and ORAC/Cu in eq 5(b). Eqs 4(b) and 5(b) are very similar, indicating that the addition of Cu 2+ to the ORAC assay has little or no effect. Both eq 4(b) and 5(b) show that the EA is the dominant dependent over the much smaller lipophilicity effect. Eq 3(b) for the colorectal cancer cells shows about an equal effect for the EA and lipophilicity, but the lipophilicity has an opposite effect compared to the in vitro ORAC assays. The reactions processes for the DLD-1 cellular CellROX processes and ORAC can be portrayed by the following: CellROX assay ORAC Assay: AAPH is the free radical (peroxy• or alkoxy•) generator (i) Drug + {AAPH: peroxy• or alkoxy• radicals}  Drug• (electron transfer) (ii) Fluoroscein + {AAPH: peroxy• or alkoxy• radicals}  Degraded Fluoroscence (iii) Calculated difference between (ii) with (i) and without (i) = measure of antioxidant capacity of Drug•

Table gives

 gives Where R 2 = 0.150, SEE = 22.63, SE(ΔG desol,CDS ) = 1.42, SE(ΔG lipo,CDS ) = 1.83, SE(DM) = 0.33, SE(EA) = 3.42, F=0.87, Significance F = 0.50 Eq 4(a) is a very poor equation, with several large outliers as shown by residual analysis, and no significant dependence on ΔG desolv,CDS and DM.

	Eq 4(b) ORAC for 22 anion radical drugs, excluding paclitaxel, vinorelbine, and vinorelbineH + H +
		!"# = .	lipo,CDS -. &	+	.
	Where R 2 = 0.346, SEE = 13.65, SE(ΔG lipo,CDS ) = 0.63, SE(EA) = 2.22, F=5.03, Significance F = 0.017
	Analyses of the ORAC/Cu data in the Table gives:		
	Eq 5(a) ORAC/Cu for 25 anion radical drugs		
	!"#/#( = -.	desol,CDS + . % lipo,CDS -.		-. %	+ % . &&
	Where R 2 = 0.080, SEE = 31.99, SE(ΔG desol,CDS ) = 2.00, SE(ΔG lipo,CDS ) = 2.50, SE(DM) = 0.47, SE(EA) = 4.83,
	F=0.43, Significance F = 0.78				
	Eq 5(a) is a very poor equation, with several large outliers as shown by residual analysis, and no
	significant dependence on ΔG desolv,CDS and DM.		
	Eq 5(b) ORAC for 19 anion radical drugs, excluding gemcitabine, gemcitabineH + , nimustine,
	nimustineH + , vinorelbine, and vinorelbineH + H +		
	!"#/#( = .	lipo,CDS -&.	+	. &
			:		
	Eq 4(a) ORAC for 25 anion radical drugs			
	!"# = .	desol,CDS + .	lipo,CDS -.	-. $% +	. $

Where R

2 

= 0.294, SEE = 19.65, SE(ΔG lipo,CDS ) = 0.88, SE(EA) = 3.26, F=3.35, Significance F = 0.061

  H + and H + H + refer the protonated and diprotonated species of the drug; MercaptopurineSH refers to the thiol tautomer of Mercaptopurine; CellROX, ORAC and ORAC/Cu data from reference 25

	Table							
		CellROX ORAC	ORAC/Cu	ΔG desolv,CDS	ΔG lipo,CDS	Electron	Dipole
		%		%	kcal/mol	kcal/mol	Affinity	Moment
							eV	D
	Nimustine	1	58.2	42.7	-3.66	-5.29	3.42	3.25
	NimustineH +	1	58.2	42.7	-5.4	-5.94	2.23	17.62
	Dacarbazine	1	98.9	99.8	-0.9	-3.38	3.18	16.32
	Cyclophosphamide	1	99.5	103	-4.28	-4.92	0.48	7.45
	Temozolomide	1	102.4	106	-4.37	-5.16	2.96	5.03
	MitoxantroneH + H +	1	51.8	32.2	-12.54	-10.87	7.26	16.23
	Doxorubicin	3	83.5	89.2	-10.96	-10.05	3.46	22.8
	Mitomycin C	2	102.6	98	-4.54	-3.64	3.61	9.9
	Mercaptopurine	2	99.4	78.4	0.27	-7.14	1.89	9.69
	MercaptopurineSH	2	99.4	78.4	1.39	-6.19	1.79	4.77
	Carmofur	2	85.8	90.5	-8.49	-7.52	2.13	5.38
	Fluorouracil	1	104.3	98.9	-5.74	-2.87	1.91	6.72
	Cytarbine	1	106.1	110.4	-4.46	-5.6	1.4	5.52
	Carboplatin	1	104.2	94.2	-8.64	-1.54	1.305	18.66
	Oxaliplatin	1	103.3	101.6	-6.88	-3.2	2.72	24.67
	Vinblastin	4	79.3	49.1	-16.82	-13.68	1.43	4.35
	VinblastinH + H +	4	79.3	49.1	-17	-13.59	2.08	75.74
	Camptothecin	3	98.9	99.5	-6.24	-9.35	2.59	10.49
	Etoposide	1	96.9	109.8	-13.48	-8.48	1.25	27.2
	Actinomycin	3	88.2	92.3	-27.15	-22.5	3.38	6.66
	Paclitaxel	3	110.3	101.1	-18.43	-16.17	1.93	16.49
	Vinorelbine	4	33	19.9	-11.99	-13.09	0.92	7.31
	VinorelbineH + H +	4	33	19.9	-17.97	-13.31	0.97	19.56
	Gemcitabine	1	93.2	44.5	-5.34	-3.47	1.49	5.78
	GemcitabineH +	1	93.2	44.5	-4.46	-3.65	3.05	22.39
	Trolox				-6.56	-5.93	1.07	7.95

Footnotes: