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Abstract
Immunochemotherapeutics, epirubicin-(C3-amide)-SS-[anti-HER2/neu] with an internal disulfide bond, and
epirubicin-(C3-amide)-[anti-HER2/neu] were synthesized utilizing succinimidyl 2-[(4,4´-azipentanamido)
ethyl]-1,3´-dithioproprionate or succinimidyl 4,4-azipentanoate respectively. Western blot analysis was used to
determine the presence of any immunoglobulin fragmentation or IgG-IgG polymerization. Retained HER2/neu
binding characteristics of epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu]
were validated by cell-ELISA using a mammary adenocarcinoma (SKBr-3) population that highly
over-expresses trophic HER2/neu receptor complexes. Cytotoxic anti-neoplastic potency of epirubicin(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu] between epirubicin-equivalent
concentrations of 10-10 M and 10-6 M was determined by measuring the vitality/proliferation of
chemotherapeutic-resistant mammary adenocarcinoma (SKBr-3 cell type). Cytotoxic anti-neoplastic potency of
benzimidazoles (albendazole, flubendazole, membendazole) and griseofulvin were assessed between 0-to-2
g/ml and 0-to-100 g/ml respectively while mebendazole and griseofulvin were analyzed at fixed
concentrations of 0.35 g/ml and 35 g/ml respectively in dual combination with gradient concentrations of
epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu].
Cytotoxic anti-neoplastic potency for epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS[anti-HER2/neu] against chemotherapeutic-resistant mammary adenocarcinoma (SKBr-3) was nearly identical at
epirubicin-equivalent concentrations of 10-10 M and 10-6 M. The benzimadazoles also possessed cytotoxic
anti-neoplastic activity with flubendazole and albendazole being the most and least potent respectively. Similarly,
griseofulvin had cytotoxic anti-neoplastic activity and was more potent than methylselenocysteine. Both
mebendazole and griseofulvin when applied in dual combination with either epirubicin-(C3-amide)[anti-HER2/neu] or epirubicin-(C3-amide)-SS-[anti-HER2/neu] produced enhanced levels of cytotoxic
anti-neoplatic potency.
Keywords: anthracycline (epirubicin), chemotherapeutic-resistant, covalent immunochemotherapeutic, cytotoxic
anti-neoplastic potency, mammary adenocarcinoma, selective “targeted” delivery, benzimidazoles, griseofulvin
1. Introduction
A high percentage of aggressive and resistant forms of breast cancer over-express EGFR and/or HER2/neu
(Cameron & Stein, 2008; Medina & Goodin, 2008; Widakowich, Dinh, de Azambuja, Awada, & Piccart-Gebhart,
2008) which is frequently associated with chemotherapeutic-resistance, elevated cancer cell survival
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characteristics, and increased proliferation rates (Loew, Schmidt, Unterberg, & Halatsch, 2009; Slamon, Clark, &
Wong, 1987). Resistant forms of breast cancer that over-express EGFR and HER2/neu are often less vulnerable
to the cytotoxic potency of chemotherapeutics due to simultaneous over-expression of P-glycoprotein
functioning as a non-selective trans-membrane “pump” complex for many pharmaceutical substrates (Chekhun,
Zhylchuk, Lukyanova, Vorontsova, & Kudryavets, 2009; Gonzalez-Angulo, Morales-Vasquez, & Hortobagyi,
2007; Liu et al., 2010; Pasquier, Magal, Boulangé-Lecomte, Webb, & Foll, 2011; Patwardhan, Gupta, Huang, Gu,
& Liu, 2010; Shen, Lee, & Gan, 2011). Monoclonal immunoglobulin or pharmaceuticals with binding-avidity
for HER2/neu (e.g. anti-HER2/neu: trastuzumab, pertuzumab) (Gong et al., 2011; Phillips et al., 2008; Pandya et
al., 2011; Scaltriti et al., 2011; Sliwkowski et al., 1999), EGFR (e.g. anti-EGFR: cetuximab, gefitinib) (Morgillo,
Woo, Kim, Hong, & Lee, 2006; Morgillo et al., 2007; Sartore-Bianchi et al., 2009; Weickhardt, Tebbutt, &
Mariadason, 2010), monoclonal immunoglobulin with dual HER2/neu and EGFR binding-avidity (e.g.
anti-HER2/neu and anti-EGFR properties: panitumumab) (Dempke & Heinemann, 2010; Modjtahedi & Essapen,
2009; Sartore-Bianchi, 2009; Weickhardt, Tebbutt, & Mariadason, 2010), or monoclonal immunoglobulin
inhibitors of other trophic receptors are all effective treatment options for forms of cancer affecting the breast,
intestinal tract, lung and prostate. The obvious advantage of these therapeutic monoclonal immunoglobulins is
their unique mechanism-of-action and their administration avoids many of the sequelae commonly associated
with conventional chemotherapeutics. Unfortunately, most monoclonal immunoglobulin-based therapies that
inhibit anti-trophic receptor function are usually only capable of promoting cytostatic properties and are almost
invariably plagued by an inability to evoke cytotoxic activity sufficient to resolve most aggressive or advanced
forms of neoplastic disease (Chen, Xia, & Spector, 2008; Cobleigh et al., 1999; Kute et al., 2009; Lewis Phillips
et al., 2008; Lin et al., 2008; Marches & Uhr, 2004; Mitra et al., 2009; Nanda, 2007; Narayan et al., 2009; Pietras,
Pegram, Finn, Maneval, & Slamon, 1998; Ritter et al., 2007; Sliwkowski et al., 1999; Vogel et al., 2002).
Exceptions include scenarios where they are administered in combination with conventional chemotherapeutics
or other cancer treatment modalities (García-Sáenz et al., 2008; Harris, Ward, Dobbins, Drew, & Pearson, 2011;
Slamon et al., 2001). Lack of cytotoxic efficacy of the anti-trophic receptor immunoglobulins has been attributed
to increases in cell-cycle G1-arrest, increased cell transformation into states of apoptosis-resistance (Marches &
Uhr, 2004) and selection for resistant sub-populations (Lewis Phillips et al., 2008; Sliwkowski et al., 1999) that
is frequently complicated by reversal of tumor growth inhibition (Sliwkowski et al., 1999) and relapse trophic
receptor over-expression (Pietras et al., 1998) following discontinuation of therapy.
The anthracycline class of chemotherapeutics is commonly administered for the treatment of breast cancer and
many other neoplastic conditions due to their superior level of potency. One of the most common dose-limiting
side effects of anthracycline administration is cardiotoxicity (doxorubicin >> epirubicin). Even with the
anthracyclines a complete clinical resolution of breast cancer, (particularly resistant forms), is rarely attainable
especially when utilized as a monotherapy. Combination chemotherapy regimens are almost invariably more
potent in suppressing the growth and metastasis of neoplastic cell types, significantly prolonging quality-of-life,
delaying the onset of disease relapse, combating chemotherapeutic resistance, extending the duration of disease
remission, and facilitating complete neoplastic disease elimination. Chemotherapeutic resistance is a particularly
important development that hinders successful treatment of breast cancer because approximately 20-30% of all
affected cases develop metastatic brain lesions which characteristically display moderate-to-high levels
refractoriness to chemotherapeutic intervention (Honig et al., 2005). Despite the advantages of combination
chemotherapy regimens, they still suffer from a high frequency of toxic sequelae that can limit the extent and
duration of administration (Azad, Posadas et al., 2008; Balayssac et al., 2011; Ceresa & Cavaletti, 2011; Chang
et al., 2001; Iarussi, Indolfi, Galderisi, & Bossone, 2000; Raschi et al., 2010; Scully & Lipshultz, 2007; Stavridi
& Palmieri, 2008; Vantelon et al., 2001; Wachters, Van Der Graaf, & Groen, 2004).
Due largely to their relatively high potency against many common neoplastic conditions, the anthracyclines have
long been one of the most common chemotherapeutic classes utilized in the molecular design and synthesis of
therapeutic modalities that possess properties of selective “targeted delivery with the potential of improving
treatment effectiveness and reducing deposition within innocent tissues and organ systems (Coyne, Jones, Sygula,
Bailey, & Pinchuk, 2011; Coyne, Ross, Bailey, & Jones, 2009; Diener, Diner, Sinha, Xie, & Vergidis, 1986;
Dillman, Johnson, Ogden, & Beidler, 1989; King et al., 1999; Kratz et al., 2002; Liu, Zhao, Volk, Klohr, Kerns,
& Lee, 1996; Muldoon & Neuwelt, 2003; Page, Thibeault, Noel & Dumas, 1990; Thorpe et al., 1987; Worrell et
al., 1986). Covalent bonding of anthracycline chemotherapeutics to monoclonal immunoglobulin therefore
collectively facilitates selective “targeted” delivery, maximizes cancer cell chemotherapeutic deposition,
promotes progressive intracellular chemotherapeutic accumulation, and reduces the risk and frequency of severe
sequellae. In addition, the implementation of molecular platforms that fascilitate mechanisms of selective
“targeted” chemotherapeutic delivery provides opportunities for attaining additive and synergistic levels of
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cytotoxic anti-neoplastic potency (Pegram, Lopez, Konecny, & Slamon, 2000; Slamon et al., 2001).
Covalent immunochemotherapeutics designed to selectively bind to external surface membrane receptors
whereby the entire complex is internalized by mechanisms of receptor-mediated-endocytosis ultimately liberates
the chemotherapeutic moiety through various processes within the acidic endolysosome environment (pH
5.0-5.5). A previously synthesized covalent anthracycline immunochemotherapeutic, epirubicin-[anti-HER2/neu]
designed to contain a synthetically introduced acid-labile hydrazone (C13-imino) bond structure did not have any
detectably greater cytotoxic anti-neoplastic potency against mammary adenocarcinoma (SKBr-3) populations
(Coyne, Jones, & Pharr, 2011). Similar covalent anthracycline immunochemotherapeutics with
acid-labile/acid-sensitive properties reportedly afford increased or accelerated liberation (cytosol bioavailability)
of only 40% of their total chemotherapeutic content within the low pH of endolysosomal environments found in
many cancer cell types. In parallel with the concept of acid-sensitive anthracycline immunochemotherapeutics
both epirubicin-(C3-amide)-SS-[anti-HER2/neu] and epirubicin-(C3-amide)-[anti-HER2/neu] were synthesized in
order to determined if the synthetic introduction of a disulfide bond structure created an enzyme or acid-sensitive
covalent immunochemotherapeutic. Similar covalent maytansinoid immunochemotherapeutics with an integral
disulfide bond structure have been synthesized that variably provide increases in intracellular chemotherapeutic
bioavailability (Erickson et al., 2010; Kellogg et al., 2011).
In combination chemotherapy protocols the anthracyclines are frequently applied in concert with conventional
tubulin/microtubule inhibitor chemotherapeutics to attain increased cytotoxic anti-neoplastic potency and
improve the probability of clinically resolving breast cancer and other common neoplastic conditions
(Gonzalez-Angulo, 2007; Hatzis et al., 2011; Honig et al., 2005; Hudis & Schmitz, 2004; Kim et al., 2011;
Manzoni et al., 2010; Neskoviæ-Konstantinoviæ, Bosnjak, Raduloviæ, & Mitroviæ, 1996; Tang, 2009; Wong &
Chiu, 2010). Conventional tubulin/microtubule inhibitor chemotherapeutics include colchicine (Levy, Spino, &
Read, 1991), the vinca alkaloids (Antón et al., 2011; Dorsey et al., 2010; Honig et al., 2005; Hudis et al., 2004;
Wong et al., 2010), taxanes (e.g. paclitaxel) (Chan, Miles, & Pivot, 2010; Dorsey et al., 2010; Rak Tkaczuk,
2011), podophyllotoxins (e.g. etoposide: semi-synthetic derivative) (Desbène & Giorgi-Renault, 2002;
Neskoviæ-Konstantinoviæ et al., 1996), and monomethyl auristatin E (MMAE) (Naumovski & Junutula, 2010).
The narrow margin-of-safety (therapeutic index) and relative lack of efficacy for colchicine restricts its
wide-spread application for breast cancer treatment (Finkelstein et al., 2010; Levy et al., 1991; Terkeltaub, 2009).
Administration of the vinca alkaloids like vinblastine and vincristine is often complicated by neurotoxicity
(Broyl et al., 2010; Cavaletti et al., 2000; Meyer, Patte-Mensah, Taleb, & Mensah-Nyagan, 2010; Windebank,
1999), bone marrow suppression (Lowe et al., 2009; van Tellingen, Buckle, Jonker, van der Valk, & Beijnen,
2003), and emergence of therapeutic resistance patterns (Cavaletti et al., 2000; Dorsey et al., 2010; Dumontet &
Sikic, 1999; He, Li, Kanwar, & Zhou, 2011; Kars, Iseri, & Gündüz, 2011; Kim et al., 2011; O'Brien et al., 2008;
Svirnovski et al., 2009; VanderWeele, Zhou, & Rudin, 2004). The taxane class of anti-tubulin chemotherapeutics
(e.g. paclitaxel, docetaxael) suffers from very similar disadvantages including acquired/intrinsic resistance
(Antón et al., 2011; Dorsey et al., 2010; Dumontet, 1999; Kars et al., 2011) secondary to multidrug resistance
protein (e.g. P-glycoprotein) over-expression (Harrison & Swanton, 2008; Overmoyer, 2008; Shen et al., 2011),
hypersensitivity reactions (Feldweg, Lee, Matulonis, & Castells, 2005; Karacan, Eyüboglu, Akçay, & Ozyilkan,
2004; Lee, Gianos & Klaustermeyer, 2009; Rizzo, Spaggiari et al., 2010), hematopoietic toxicity (dose limiting
feature) (Escuin et al., 2011; Manzoni, 2010; Pullarkat et al., 2009), and cumulative neurotoxicity (Cavaletti et
al., 2000; Hershman et al., 2011; Windebank, 1999) that can all lead to termination of treatment protocols (Tang,
2009). Podophyllotoxins (e.g. etoposide semi-synthetic derivative) induce a moderately high frequency of
dose-limiting leucopenia (Chamberlain, Tsao-Wei, & Groshen, 2006; Herzig, 1991; Neskoviæ-Konstantinoviæ et
al., 1996) and gastrointestinal disturbances (nausea, vomiting, stomatitis). Monomethyl auristatin E (MMAE) is
too toxic for systemic administration so it instead must be covalently bonded to a large molecular weight
“platform” like immunoglobulin (e.g. anti-GPNMB/anti-CRO11/glembatumumab, anti-CD30/brentuximab).
Due to the effectiveness of conventional tubulin/microtubule inhibitors in combination with the anthracyclines,
and because of their different spectrums of dose-limiting toxic sequelae, there is a distinct need to identify and
evaluate alternative tubulin/microtubule inhibitors that have potent cytotoxic anti-neoplastic potency. To date,
very little is known about the cytotoxic anti-neoplastic potency of the benzimidazoles (anthelmintic) or
griseofulvin (anti-fungal agent) tubulin/microtubule inhibitors against aggressive and resistant breast cancer or
their capacity to produce additive or synergistic levels of cytotoxic anti-neoplastic potency when applied in dual
combination with covalent anthracycline immunochemotherapeutics.
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2. Materials and Methods
2.1 Synthesis of Covalent Epirubicin-(C3-amide)-[Anti-HER2/neu] Immunochemotherapeutics
2.1.1 Phase-I Synthesis Reaction for UV-Photoactivated Epirubicin-(C3-amide) Intermediates
The C3 monoamine group of epirubicin (3.02 x 10-7 mg, 1.75 x 10-4 mmoles) was reacted at a 5:1 molar-ratio
with the amine-reactive N-hydroxysuccinimide ester “leaving” complex of either succinimidyl 4,4-azipentanoate
(1.55 x 10-7 mg, 3.5 x 10-5 mmoles) or it’s disulfide analog succinimidyl 2-[(4,4´-azipentanamido)ethyl]-1,3´
-dithioproprionate (2.67 x 10-7 mg, 3.5 x 10-5 mmoles) in the presence of triethylamine (>50 mM final
concentration) utilizing dimethylsulfoxide (DMSO) as an anhydrous organic solvent system (Coyne, Jones, &
Bear 2012). Separate stock solutions were used to formulate reaction mixtures of epirubicin with succinimidyl
4,4-azipentanoate, or epirubicin with succinimidyl 2-[(4,4´-azipentanamido)ethyl]-1,3´-dithioproprionate each of
which was continually stirred gently over a 4-hour incubation period at 25O C in the dark and protected from
light exposure. The relatively prolonged incubation period of 4 hours was utilized to maximize degradation of
the ester group within any residual succinimidyl 4,4-azipentanoate or succinimidyl 2-[(4,4´-azipentanamido)
ethyl]-1,3´-dithioproprionate that may not of reacted in the first 30 to 60 minutes with the C3 monoamine group
of epirubicin. The reaction can alternatively be performed with the addition of PBS (10% v/v, pH 7.4) as a
substitute for trieithylamine.
2.1.2 Phase-II Synthesis Reaction for Covalent Epirubicin-(C3-amide)-[Anti-HER2/neu] Immunochemotherapeutic
Utilizing UV-Photoactivated Anthracycline Intermediates
Monoclonal immunoglobulin (anti-HER2/neu: 1.5 mg, 1.0 x 10-5 mmoles) in buffer (PBS: phosphate 0.1, NaCl
0.15 M, EDTA 10 mM, pH 7.3) was combined at a 1:3.5 molar-ratio with either the UV-photoactivated
epirubicin-(C3-amide) or epirubicin-(C3-amide)-SS- intermediates (Phase-1 end products) and allowed to gently
mix with constant stirring for 5 minutes at 25°C in the dark. The photoactivated group of the
epirubicin-(C3-amide) and epirubicin-(C3-amide)-SS-intermediates were then reacted with amino acid residues
within the sequence of anti-HER2/neu monoclonal immunoglobulin during a 15 minute exposure period to UV
light at 354 nm (reagent activation range 320-370 nm) in combination with constant gentle stirring (Coyne, Jones,
& Bear 2012). Residual epirubicin was removed from epirubicin-(C3-amide)-[anti-HER2/neu] and
epirubicin-(C3-amide)-SS-[anti-HER2/neu] applying micro-scale column chromatography pre-equilibrated in
PBS (phosphate 0.1, NaCl 0.15 M, pH 7.3).
2.2 Analysis, Characteristics and Properties
2.2.1 General Analysis
Immunoglobulin concentration within preparations of epirubicin-(C3-amide)-[anti-HER2/neu] and
epirubicin-(C3-amide)-SS-[anti-HER2/neu] was determined by measuring absorbance at 280 nm
(epirubicin-corrected absorbance at 280 nm). Epirubicin concentrations were determined by excitation at 485 nm
and measurement of emission at 538 nm which was utilized in concert with a standard reference control curve
generated utilizing known epirubicin concentrations (10-9 M to 10-5 M). Detection of non-conjugated “free”
epirubicin concentrations contained in covalent epirubicin immunochemotherapeutic preparations was
determined by chloroform extraction (Etrych, Mrkvan, Ríhová, & Ulbrich, 2007; Hempel, Schulze-Westhoff,
Flege, & Laubrock, 1998; Ulbrich, Etrych, Chytil, Jelinkova, & Rihova, 2003) with the organic phase collected
by pipette, evaporated to dryness under a stream of nitrogen gas, and the resulting residue dissolved in Tris
buffered saline (50 mM, pH 7.4) prior to spectrophotometric analysis.
2.2.2 Non-Reducing SDS-PAGE Size Separation, Western-Blot Immunodetection, and Chemiluminescent
Autoradiography
Standardized amounts and concentrations (60 g/ml) of covalent epirubicin immunochemotherapeutics and
reference control immunoglobulin fractions were combined 50/50 with an equal volume of conventional PAGE
sample preparation buffer (Tris/glycerol/bromphenyl blue/sodium dodecyl sulfate) formulated without
2-mercaptoethanol. Each immunoglobulin sample (0.9 μg/well) was processed without boiling and then
developed in parallel with a mixture of pre-stained reference control molecular weight markers by non-reducing
SDS-PAGE (11% acrylamide, 100 V constant voltage at 3°C for 2.5 hours). Developed non-reducing SDS-PAGE
acrylamide gels were then equilibrated in electrophoresis “tank” buffer devoid of methanol. Lateral transfer of
SDS-PAGE separated proteins onto sheets of nitrocellulose membrane for Western (immunodetection) blots was
performed at 20 volts constant voltage for 16 hours at 2°C to 3°C with the transfer manifold packed in crushed
ice.
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Nitrocellulose membranes with laterally transferred immunoglobulin fractions for immunodetection and
chemiluminescent autoradiographic analyses were equilibrated in Tris buffered saline (TBS: Tris HCl 0.1 M,
NaCl 150 mM, pH 7.5, 40 ml) at 4°C for 15 minutes followed by incubation in TBS blocking buffer solution
(Tris 0.1 M, pH 7.4, 40 ml) containing bovine serum albumin (BSA 5%) applied at 2O to 3O C for 16 hours in
combination with gentle horizontal agitation. Prior to further processing nitrocellulose membranes were
vigorously rinsed in Tris buffered saline (Tris 0.1 M, pH 7.4, 40 ml, n = 3 rinses).
Rinsed BSA-blocked nitrocellulose membranes developed for Western-blot immunodetection analyses were
incubated with biotinylated goat anti-murine IgG (1:10,000 dilution) at 4°C for 18 hours applied in combination
with gentle horizontal agitation. Nitrocellulose membranes were then vigorously rinsed in TBS (pH 7.4, 4°C, 50
ml, n = 3) followed by incubation in blocking buffer (Tris 0.1 M, pH 7.4, with BSA 5%, 40 ml). Blocking buffer
was decanted from nitrocellulose membrane blots which were then vigorously rinsed in TBS (pH 7.4, 4°C, 50 ml,
n = 3 rinses) before incubation with strepavidin-[horseradish peroxidase] (strepavidin-HRPO 1:100,000 dilution)
at 4°C for 2 hours applied in combination with gentle horizontal agitation. Prior to chemiluminescent
autoradiography nitrocellulose membranes were vigorously rinsed in Tris buffered saline (Tris 0.1 M, pH 7.4, 40
ml, n = 3 rinses). Strepavidin-HRPO treated nitrocellulose membranes were then incubated in HRPO
chemiluminescent substrate (25°C; 5-to-10 mins.). Autoradiography images were acquired by exposing
radiographic film (Kodak BioMax XAR radiograph film) to nitrocellulose membranes sealed in transparent
ultraclear re-sealable plastic bags.
2.2.3 Mammary Carcinoma Tissue Culture Cell Culture
Human chemotherapeutic-resistant human mammary adenocarcinoma (SKBr-3) cell line was utilized as an
ex-vivo neoplasia model and was acquired directly from American Tissue Cell Culture (ATCC) within 24 months
of investigation. Mammary adenocarcinoma (SKBr-3) has been the only cell line or cell type utilized, cultivated
or preserved/stored frozen in the laboratory during a period of the past 6 years and during the conduction of
research investigations currently described. Characteristically, mammary adenocarcinoma (SKBr-3) uniquely
over-expresses epidermal growth factor receptor 1 (EGFR, ErbB-1, HER1) and highly over-expresses epidermal
growth factor receptor 2 (EGFR2, HER2/neu, ErbB-2, CD340, p185) at 2.2 x 105/cell and 1 x 106/cell respectively.
Populations of the mammary adenocarcinoma (SKBr-3) cell line were propagated in 150-cc2 tissue culture flasks
containing McCoy's 5a Medium Modified supplemented with fetal bovine serum (10% v/v) and
penicillin-streptomycin at a temperature of 37O C under a gas atmosphere of air (95%) and carbon dioxide (5%
CO2). Tissue culture media was not supplemented with growth factors, growth hormones or other growth
stimulants of any type. Investigations were all performed using mammary adenocarcinoma (SKBr-3) propagated
to a >85% level of confluency.
2.2.4 Cell-ELISA IgG Binding Assay
Cell suspensions of mammary adenocarcinoma (SKBr-3) were seeded into 96-well microtiter plates in aliquots
of 2 x 105 cells/well and allowed to form confluent adherent monolayers over a period of 48 hours. The growth
media within individual wells was then removed manually by pipette and the adherent mammary
adenocarcinoma (SKBr-3) monolayers serially rinsed (n = 3) with PBS followed by stabilization onto the plastic
surfaces of microtiter plates with paraformaldehyde (4% in PBS, 15 minutes). Adherent mammary
adenocarcinoma (SKBr-3) monolayers were then incubated with covalent epirubicin-(C3-amide)-[anti-HER2/neu]
and epirubicin-(C3-amide)-SS-[anti-HER2/neu] each formulated at gradient concentrations of 0.010, 0.025,
0.050, 0.250, and 0.500 μg/ml IgG (200 μl/well) in tissue culture growth media. Direct contact incubation of
mammary adenocarcinoma (SKBr-3) with epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS
-[anti-HER2/neu] was performed at 37O C over a period of 3 hours under a gas atmosphere of air (95%) and
carbon dioxide (5% CO2). Residual non-cell bound epirubicin-(C3-amide)-[anti-HER2/neu] or epirubicin(C3-amide)-SS-[anti-HER2/neu] was removed by serial rinsing with PBS (n=3). Development of mammary
adenocarcinoma (SKBr-3) then entailed incubation with -galactosidase-[goat anti-mouse IgG] (1:500 dilution)
at 25°C for 20 hours followed by serial rinsing with PBS (n=3) to remove residual non-cell bound 2°
immunoglobulin. In the final stage of cell-ELISA development mammary adenocarcinoma (SKBr-3) monolayers
were incubated with the -galactosidase substrate, nitrophenyl--D-galactopyranoside (100 μl/well of ONPG
formulated fresh at 0.9 mg/ml in PBS pH 7.2 containing MgCl2 10 mM, and 2-mercaptoethanol 0.1 M).
Absorbance within each individual well was then measured at 410 nm after incubation at 37O C for a period of
15 minutes (630 nm reference wavelength).
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2.2.5 Cell Survival Assay for Measuring Covalent Epirubicin-Immunochemotherapeutic Cytotoxic Potency
Covalent epirubicin-(C3-amide)- [anti-HER2/neu] and epirubicin-(C3-amide)-SS- [anti-HER2/neu]
immunochemotherapeutics were formulated in growth media at standardized epirubicin-equivalent
concentrations of 10-10, 10-9, 10-8, 10-7, and 10-6 M (final concentration). Individual epirubicin-equivalent
concentrations of covalent epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[antiHER2/neu] immunochemotherapeutics were then transferred in triplicate into 96-well microtiter plates
containing chemotherapeutic-resistant mammary adenocarcinoma growth media 200 μl/well).
Contents within individual well of 96-well microtiter plates were removed manually by pipette at 72-hours and
then the mammary adenocarcinoma (SKBr-3) monolayers were serially rinsed (n = 3) with PBS followed by
incubation with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT 5 mg/ml in RPMI-1640
growth media devoid of pH indicator or bovine fetal calf serum). During a 3-to-4 hour incubation period at 37O
C under a gas atmosphere of air (95%) and carbon dioxide (5% CO2) chemotherapeutic-resistant mammary
adenocarcinoma (SKBr-3) populations were allowed to biochemically convert intracellular MTT to navy-blue
formazone crystals by the endogenous enzyme, mitochondrial succinate dehydrogenase. Contents of 96-well
microtiter plates were then removed, and serially rinsed with PBS (n = 3) followed by dissolving the resulting
blue intracellular formazone crystals with DMSO (300 μl/well). Spectrophotometric absorbance of the
blue-colored supernatant was then measured at 570 nm using a computer-integrated microtiter plate reader.
3. Results
3.1 Synthetic Chemistry
During the Phase-I synthesis scheme the ester sites of succinimidyl 4,4-azipentanoate or succinimidyl
2-[(4,4´-azipentanamido)ethyl]-1,3´-dithioproprionate were reacted with epirubicin resulting in the creation of a
covalent amide bond at the C3 monoamine on the anthracycline carbohydrate moiety (daunosamine -NH2-3’)
(Figure 1). The resulting Phase-I products generated were UV-photoactivated epirubicin intermediates with or
without an internal/integral disulfide bond accompanied simultaneously by the liberation of a succinimide
“leaving” complex (Figure 1). In Phase-II of the synthesis scheme, the UV-photoactivated epirubicin-(C3-amide)
intermediates non-specifically react with chemical groups to form covalent bonds within the anti-HER2/neu
immunoglobulin sequence (Figure 1). Epirubicin was formulated in molar excess of succinimidyl
4,4-azipentanoate or succinimidyl 2-[(4,4´-azipentanamido)ethyl]-1,3´-dithioproprionate and allowed to react
over a prolonged period of time in order to maximize production of UV-photoactivated epirubicin-(C3-amide)
and epirubicin-(C3-amide)-SS- intermediates and minimize concentrations of residual reagents.
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Figure 1. Molecular structure and chemical composition of two covalent epirubicin-(C3-amide)-[anti-HER2/neu]
immunochemotherapeutics created with a 2-phase synthesis scheme using a epirubicin UV-photoactivated
intermediate with and without the incorporation of an internal disulfide bond. Top Panel-1- covalent
epirubicin-(C3-amide)-[anti-HER2/neu] immunochemotherapeutic synthesized utilizing succinimidyl
4,4-azipentanoate; Bottom Panel-2-covalent epirubicin-(C3-amide)-SS-[anti-HER2/neu] immunochemotherapeutic
created using succinimidyl 2-[(4,4´-azipentanamido)ethyl]-1,3´-dithioproprionate which allows incorporation of
an internal disulfide bond that is potentially cleavable intracellularly. Phase-I Synthesis Scheme: an amide bond
is created at the C3 monoamino group of the anthracycline carbohydrate moiety through the amine-reactive
N-hydroxysuccinimide (NHS ester) group of either succinimidyl 4,4-azipentanoate or succinimidyl
2-[(4,4´-azipentanamido)ethyl]-1,3´-dithioproprionate. Phase-II Synthesis Scheme: epirubicin UV photoactivated
intermediates create a covalent bond at amino acid residues within the amino acid sequence of anti-HER2/neu
monoclonal immunoglobulin.
3.2 Molecular Properties
The percent of non-covalently bound anthracycline contained in covalent epirubicin immunochemotherapeutics
following separation by micro-scale desalting/buffer exchange column chromatography was consistently < 4.0%
of the total epirubicin content (Coyne, Jones, & Pharr 2011; Coyne et al., 2011; 2009). Residual non-covalently
bound anthracycline is generally considered to not be available for further removal by serial/repeated column
chromatography (Beyer et al., 2001). The anthracycline molar-incorporation-indexes for epirubicin-(C3-amide)[anti-HER2/neu] and epirubicin-(C3-amide)-SS- [anti-HER2/neu] were 40% (39.65%) and 47% (47.15%)
respectively. Related preliminary analyses revealed that the epirubicin UV-photoactivated intermediates when
synthesized in DMSO retained reactivity after freezing for at least 48 hours at -20OC based on an epirubicin
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molar-incorporation-index of 51% when the reaction mixture was combined with bovine serum albumin at a
succinimidyl 4,4-azipentanoate-to-BSA molar-ratio of 7-9:1 in concert with subsequent UV-photoactivation (354
nm, 25°C, 15 minutes). Higher epirubicin molar-incorporation-indexes are possible to achieve with
modifications in methodology but the harsher synthesis conditions required for such purposes are accompanied
by substantial reductions in final covalent immunochemotherapeutic yield, (Greenfield et al., 1990) and declines
in antigen-immunoglobulin binding-avidity (e.g. cell-ELISA parameters). Evaluation of covalent
epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu] immunochemotherapeutics
size-separated by SDS-PAGE and developed by Western blot analysis utilizing anti-murine IgG-strepavidin as a
1° immunoglobulin produced chemiluminescent autoradiography images that detected single (major) 150-kD
band profiles for both the anti-HER2/neu reference control and each individual covalent epirubicin
immunochemotherapeutic similar to results previously reported for other methodologies (Figure 2) (Coyne et al.,
2011; Coyne et al., 2011b; Coyne et al., 2009; Di Stefano, Lanza, Kratz, Merina, & Fiume 2004; Sinkule, Rosen
& Radosevich 1991).

Figure 2. Biological and Physical Properties. Left Panel 1: Detection of total immunoglobulin bound to the exterior
surface membrane of mammary adenocarcinoma in the form of covalent epirubicin immunochemotherapeutic.
Legend: () covalent epirubicin-(C3-amide)-[anti-HER2/neu] immunochemotherapeutic; and () covalent
epirubicin-(C3-amide)-SS-[anti-HER2/neu] immunochemotherapeutic. Mammary adenocarcinoma (SKBr-3)
monolayer populations were incubated with the covalent epirubicin-(C3-amide)-[anti-HER2/neu]
immunochemotherapeutics over a 4-hour period and total immunoglobulin bound on the exterior surface membrane
was measured by cell-ELISA analysis. Right Panel 2: Western-blot chemiluminescent autoradiography of covalent
epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu] immunochemotherapeutics.
Legend: (Lane-1) murine anti-human HER2/neu immunoglobulin; (Lane-2) covalent epirubicin-(C3amide)-[anti-HER2/neu] immunochemotherapeutic; and (Lane-3) covalent epirubicin-(C3-amide)-SS-[antiHER2/neu] immunochemotherapeutic. Immunoglobulin preparations were mass-separated by SDS-PAGE and
transferred laterally onto sheets of nitrocellulose membrane to facilitate detection with biotinylated goat anti-mouse
IgG. Subsequent analysis entailed incubation of nitrocellulose membranes with conjugated strepavidin-HRPO in
combination with the use of an HRPO chemiluminescent substrate to facilitate the acquisition of autoradiography
images.
3.3 Cell-ELISA Total Membrane IgG Binding Analyses
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Epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu] formulated at
standardized immunoglobulin-equivalent concentrations of 0.010, 0.025, 0.050, 0.250, 0.500 μg/ml IgG
produced cell-ELISA profiles that detected proportional increases in total immunoglobulin bound to mammary
adenocarcinoma (SKBr-3) external surface membranes (Figure 2).

Figure 3. Influence of covalent bonding epirubicin to anti-HER2/neu monoclonal immunoglobulin on cytotoxic
anti-neoplastic potency against chemotherapeutic-resistant mammary adenocarcinoma. Legend: () covalent
epirubicin-(C3-amide)-[anti-HER2/neu] immunochemotherapeutic; () covalent epirubicin-(C3-amide)-SS[anti-HER2/neu] immunochemotherapeutic; and () epirubicin chemotherapeutic. Mammary adenocarcinoma
(SKBr-3) monolayer populations were incubated with epirubicin immunochemotherapeutic for 72-hours and
cytotoxicity measured as a function (%) of cell MTT vitality stain intensity (absorbance at 570 nm) relative to
matched negative reference controls.
3.4. Cytotoxic Anti-Neoplastic Potency
Mean maximum cytotoxic anti-neoplastic potencies of epirubicin-(C3-amide)-[anti-HER2/neu] and
epirubicin-(C3-amide)-SS-[anti-HER2/neu] against chemotherapeutic-resistant mammary adenocarcinoma
(SKBr-3) were 88.5% and 82.4% (11.5% & 17.6% residual survival) respectively when assessed at an
epirubicin-equivalent concentration of 10-6 M (Figure 3). Cytotoxic anti-neoplastic potencies of
epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu] against chemotherapeutic
-resistant mammary adenocarcinoma (SKBr-3) were slight greater compared to epirubicin formulated at
anthracycline-equivalent concentrations but the differences in mean values were not significant (Figure 3). The
covalent epirubicin-(C3-amide)-SS-[anti-HER2/neu] immunochemotherapeutic with an internal disulfide bond
produced mean cytotoxic anti-neoplastic potency levels that were not substantially different from those measured
for epirubicin-(C3-amide)-[anti-HER2/neu] (Figure 3). Individual fractions of anti-HER2/neu monoclonal
immunoglobulin alone did not exert any detectable anti-neoplastic activity against mammary carcinoma (SKBr-3)
at the end of a 72-hour incubation period which is in accord with observations reported in previous investigations
(Figure 4) (Coyne et al., 2011; Coyne et al., 2011b; Coyne et al., 2009; Dillman et al., 1989; Sapra et al., 2005;
Sinkule et al., 1991; Sivam, Martin, Reisfeld, & Mueller 1995; Yang & Reisfeld 1988a).
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Figure 4. Relative cytotoxic anti-neoplastic potency of covalent epirubicin-immunochemotherapeutics compared
to anti-HER2/neu monoclonal immunoglobulin against chemotherapeutic-resistant mammary adenocarcinoma.
Legend: () epirubicin-(C3-amide)-[anti-HER2/neu]; () epirubicin-(C3-amide)-SS-[anti-HER2/neu]; and ()
anti-HER2/neu monoclonal immunoglobulin. Mammary adenocarcinoma (SKBr-3) monolayer populations were
incubated with immunochemotherapeutics or monoclonal immunoglobulin over a 72-hour period and
cytotoxicity measured as a function (%) of MTT cell vitality stain intensity (absorbance at 570 nm) relative to
matched negative reference controls.

Figure 5. Relative cytotoxic anti-neoplastic potency of benzimidazole tubulin/microtubule inhibitors against
chemotherapeutic-resistant mammary adenocarcinoma. Legend: () albendazole; () flubendazole; and ()
mebendazole. Mammary adenocarcinoma (SKBr-3) monolayer populations were incubated with individual
benzimidazole tubulin/microtubule inhibitors for 72-hours and cytotoxicity measured as a function of MTT cell
vitality stain intensity (absorbance at 570 nm) relative to matched negative reference controls.
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The benzimadazole tubulin/microtubule inhibitors, albendazole, flubendazole and mebendazole exerted
substantial cytotoxic anti-neoplastic potency against chemotherapeutic-resistant mammary adenocarcinoma
(SKBr-3) at final concentrations formulated between 0.05 M to 2.5 μM (Figure 5). Mean cytotoxic
anti-neoplastic potency profiles for both flubendazole and mebendazole revealed progressive increases from near
0% and 0% at 0.05 M to 70.2% and 63.1% (29.8% and 36.9% residual survival) at the
benzimidazole-equivalent concentration of 0.4 μM (Figure 5). Mean cytotoxic anti-neoplastic potency profiles
for albendazole revealed a progressive increase in cytotoxic anti-neoplastic potency from 6.2% (93.8% residual
survival) at a benzimidazole-equivalent concentration of 0.4 M, to a near maximum of 65.4% (34.6% residual
survival) at 2.0 mM (Figure 5). Mean maximum cytotoxic anti-neoplastic potencies for albendazole,
flubendazole and mebendazole were 64.8%, 68.7% and 70.9% (35.2%, 31.3.% and 29.1% residual survival) at a
benzimidazole-equivalent concentration of 2.5 μM (Figure 5).

Figure 6. Relative cytotoxic anti-neoplastic potency of griseofulvin tubulin/microtubule inhibitor and
methylselencysteine against chemotherapeutic-resistant mammary adenocarcinoma. Legend: () griseofulvin;
and () methyselenocysteine. Mammary adenocarcinoma (SKBr-3) monolayer populations were incubated with
griseofulvin or methylselenocysteine for 72-hours and cytotoxicity measured as a function of MTT cell vitality
stain intensity (absorbance at 570 nm) relative to matched negative reference controls.
The anti-fungal tubulin/microtubule inhibitor griseofulvin, in addition to methylselenocysteine exerted effective
levels of cytotoxic anti-neoplastic potency against chemotherapeutic-resistant mammary adenocarcinoma
(SKBr-3) when formulated at final concentrations between 10 μM to 100 μM (Figure 6). Increases in
griseofulvin concentration to a level of 40 μM resulted in a progressive elevation in cytotoxic anti-neoplastic
potency to 72.6% (27.4% residual survival) with a peak maximum level of 90.8% (9.2% residual survival)
detected at 100 μM (Figure 6). Methylselenocysteine created progressive and rapid elevations in mean cytotoxic
anti-neoplastic potency from 2.6% to 58.7% (97.4% to 41.3% residual survival) between the concentration range
of 20 μM to 40 μM with peak levels of 85.2% (14.8% residual survival) detected at a final concentration of 100
μM (Figure 6).
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Figure 7. Collective cytotoxic anti-neoplastic potency of epirubicin-(C3-amide)-[anti-HER2/neu] synthesized
with an epirubicin UV-photoactivated intermediate when applied in combination with mebendazole or
griseofulvin tubulin/microtubule inhibitors. Legend: () epirubicin-(C3-amide)-[anti-HER2/neu]; ()
epirubicin-(C3-amide)-[anti-HER2/neu] in combination with griseofulvin (15 M fixed concentration); and ()
epirubicin-(C3-amide)-[anti-HER2/neu] in combination with mebendazole (0.35 M fixed concentration).
Mammary adenocarcinoma (SKBr-3) monolayer populations were incubated with the covalent
epirubicin-immunochemotherapeutic in combination with the tubulin/microtubule inhibitors for 72-hours and
cytotoxicity measured as a function of MTT cell vitality stain intensity (absorbance at 570 nm) relative to
matched negative reference controls.
Mebendazole and griseofulvin applied in combination with either epirubicin-(C3-amide)-[anti-HER2/neu] or
epirubicin-(C3-amide)-SS-[anti-HER2/neu] resulted in marked increase in cytotoxic anti-neoplastic potency
against chemotherapeutic-resistant mammary adenocarcinoma (SKBr-3) (Figures 7, 8 & 9). Mebendazole at a
fixed final concentration of 0.35 μM applied in combination with epirubicin-(C3-amide)-[anti-HER2/neu]
produced mean cytotoxic anti-neoplastic potency levels of 76.1% to 73% (23.9% to 27.0% residual survival),
while mebendazole in combination with epirubicin-(C3-amide)-SS-[anti-HER2/neu] produced mean cytotoxic
anti-neoplastic potency levels of 68.7% and 65.0% (31.3% to 35.0% residual survival) between the
epirubicin-equivalent concentration range of 10-10 M to 10-7 M respectively (Figures 7, 8 & 9). Mean peak
cytotoxic anti-neoplastic potency for mebendazole in combination with epirubicin-(C3-amide)-[anti-HER2/neu]
and epirubicin-(C3-amide)-SS-[anti-HER2/neu] was 87.1% and 81.9% (12.9% and 18.1% residual survival) at
the epirubicin-equivalent concentration of 10-6 M (Figures 7, 8 & 9).
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Figure 8. Collective cytotoxic anti-neoplastic potency of epirubicin-(C3-amide)-SS-[anti-HER2/neu] synthesized
with an epirubicin UV-photoactivated intermediate when applied in combination with mebendazole or
griseofulvin tubulin/microtubule inhibitors. Legend: () epirubicin-(C3-amide)-SS-[anti-HER2/neu]; ()
epirubicin-(C3-amide)-SS-[anti-HER2/neu] in combination with griseofulvin (15 M fixed concentration); and
() epirubicin-(C3-amide)-SS-[anti-HER2/neu] in combination with mebendazole (0.35 M fixed concentration).
Mammary adenocarcinoma (SKBr-3) monolayer populations were incubated with the covalent
epirubicin-immunochemotherapeutic in combination with the tubulin/microtubule inhibitors for 72-hours and
cytotoxicity measured as a function of MTT cell vitality stain intensity (absorbance at 570 nm) relative to
matched negative reference controls.

Figure 9. Collective cytotoxic anti-neoplastic potency of epirubicin-(C3-amide)-[anti-HER2/neu] or
epirubicin-(C3-amide)-SS-[anti-HER2/neu] synthesized with an internal disulfide bond when each covalent
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anthracycline immunochemotherapeutic was applied in combination with mebendazole. Legend: ()
epirubicin-(C3-amide)-[anti-HER2/neu] in combination with mebendazole (0.35 M fixed concentration; and ()
epirubicin-(C3-amide)-SS-[anti-HER2/neu] in combination with mebendazole (0.35 M fixed concentration).
Mammary adenocarcinoma (SKBr-3) monolayer populations were incubated with covalent
epirubicin-immunochemotherapeutics in combination with benzimidazole for 72-hours and cytotoxicity
measured as a function of MTT cell vitality stain intensity (absorbance at 570 nm) relative to matched negative
reference controls.

Figure 10. Collective cytotoxic anti-neoplastic potency of epirubicin-(C3-amide)-[anti-HER2/neu] or
epirubicin-(C3-amide)-SS-[anti-HER2/neu] synthesized with an internal disulfide bond when each covalent
anthracycline immunochemotherapeutic was applied in combination with griseofulvin. Legend: ()
epirubicin-(C3-amide)-[anti-HER2/neu] in combination with griseofulvin (15 M fixed concentration; and ()
epirubicin-(C3-amide)-SS-[anti-HER2/neu] in combination with griseofulvin (15 M fixed concentration).
Mammary adenocarcinoma (SKBr-3) monolayer populations were incubated with covalent
epirubicin-immunochemotherapeutics in combination with benzimidazole for 72-hours and cytotoxicity
measured as a function of MTT cell vitality stain intensity (absorbance at 570 nm) relative to matched negative
reference controls.
Griseofulvin at a fixed final concentration of 35 μM applied in combination with epirubicin-(C3-amide)[anti-HER2/neu] produced moderately progressive increases in mean cytotoxic anti-neoplastic potency from
45.7% to 88.0% (54.3% to 12.0% residual survival) between the epirubicin-equivalent concentration range of
10-9 M to 10-6 M respectively (Figure 7). Similarly, griseofulvin at a final fixed concentration of 35 μM applied
in combination with epirubicin-(C3-amide)-SS-[anti-HER2/neu] produced a moderately progressive increase in
mean cytotoxic anti-neoplastic potency from between 22.0% to 84.7% (78.0% to 15.3% residual survival) within
the final epirubicin-equivalent concentration range of 10-10 M to 10-6 M respectively (Figure 8). Mean peak
cytotoxic
anti-neoplastic
potency
levels
for
griseofulvin
in
combination
with
epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu] were 88.0% and 84.7%
(12.0% and 15.3% residual survival) at the final epirubicin-equivalent concentration of 10-6 M (Figures 7 & 8).
Both mebendazole and griseofulvin in dual combination with epirubicin-(C3-amide) -[anti-HER2/neu] evoked
slightly greater cytotoxic anti-neoplastic potency than levels detected when they were applied in concert with
epirubicin-(C3-amide)-SS-[anti- HER2/neu] but this consistent trend was not considered profound (Figures 9 &
10).
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4. Discussion
4.1 Immunochemotherapeutic
A number of methods have been described for synthesizing covalent anthracycline-immunochemotherapeutics,
but most techniques have a lengthy duration (e.g. days), often afford low total yields, and employ dedicated
organic chemistry reactions for the production of only a single immunochemotherapeutic. In this context, the
heterobifunctional covalent bond forming reactants, succinimidyl-4-(N-maleimidomethyl)cyclohexane1-carboxylate (SMCC) (Coyne et al., 2009; Frost, Jensen & Lindegren 2010; Karacay et al., 1997; Lau, Bérubé,
& Ford 1995), N--maleimidocaproic acid hydrazide (EMCH) (Coyne et al., 2011; Furgeson, Dreher, & Chilkoti
2006; Kruger et al., 1997), or N-[p-maleimidophenyl]-isocyanate (PMPI) (Annunziato, Patel, Ranade & Palumbo
1993; Coyne et al., 2011; Liu, de Wijn, & van Blitterswijk 1998; Wang, et al., 2009) require pre-thiolation of
peptide/protein based molecular platforms (e.g. IgG, Fab’, receptor ligands). Alternatively, several distinct
advantages can be realized when covalent immunochemotherapeutics are synthesized utilizing succinimidyl
4,4-azipentanoate or succinimidyl 2-[(4,4´-azipentanamido)ethyl]-1,3´-dithioproprionate which most notably
include the application of relatively mild reaction conditions (e.g. lower risk of inter-IgG and intra-IgG
polymerization or fragmentation) (Di Stegano et al., 2004), lack of pre-thiolation requirements, implementation
of fewer individual organic chemistry reactions, option of employing non-anthracycline chemotherapeutic
moieties, flexibile convenience of temporary UV-photoactivated chemotherapeutic intermediate storage, higher
retained biological activity, and greater end-product yield (Coyne, Jones, & Bear 2012).
4.2 Cell-ELISA IgG Membrane Binding Analysis
Profiles for total membrane-bound IgG on the exterior surface of mammary adenocarcinoma (SKBr-3)
populations incubated with epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[antiHER2/neu] increased proportionately with gradient elevations in total immunoglobulin content (Figure 2). Total
cell membrane-bound epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[anti-HER2/neu]
was higher than previously observed for [i] epirubicin-(C3-amide)-[anti-HER2/neu] synthesized with
succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) in combination with N-succinimidyl
-S-acetylthioacetate (SATA) (Coyne et al., 2009), [ii] epirubicin-(C13-keto)-[anti-HER2/neu] synthesized with
N--maleimidocaproic acid hydrazide (EMCH) in combination with 2-iminothiolane (2-IT) (Coyne et al., 2011b),
or [iii] gemcitabine-(C5-carbamate)-[anti-HER2/neu] synthesized with N-[p-maleimidophenyl]-isocyanate
(PMPI) in combination with 2-iminothiolane (2-IT) (Coyne et al., 2011). Presumably the difference in part
reflects a higher degree of retained epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS[anti-HER2/neu] binding-avidity for exterior surface membrane-associated HER2/neu because succinimidyl
4,4-azipentanoate and succinimidyl 2-[(4,4´-azipentanamido)ethyl]-1,3´-dithioproprionate do not require
immunoglobulin pre-thiolation prior to the Phase-II synthesis reaction.
In addition to protein (immunoglobulin) pre-thiolation that can under certain conditions result in intra-molecular
and inter-molecular disulfide bond formation, the binding-avidity of epirubicin-(C3-amide)-[anti-HER2/neu] and
epirubicin-(C3-amide)-SS-[anti-HER2/neu] for membrane HER2/neu was also likely influenced by the covalent
bonding of the anthracycline moiety to different amino acid residues within the Fab’ antigen binding region of
anti-HER2/neu immunoglobulin. Seemingly modest alterations in synthetic chemistry reactions and elevations in
chemotherapeutic molar-incorporation-index can profoundly influence immunoglobulin binding properties
(Yang & Reisfeld 1988a). The relatively mild conditions employed during organic chemistry reaction schemes
and the relatively low molar-incorporation-index of 40.0% collectively contribute to the high biological integrity
of epirubicin (C3-amide)-[anti-HER2/neu] and epirubicin (C3-amide)-SS-[anti-HER2/neu] based on the
collective interpretation of results from SDS-PAGE chemiluminescent autoradiography, cell-ELISA analyses and
cytotoxic anti-neoplastic potency against chemotherapeutic-resistant mammary adenocarcinoma (SKBr-3).
4.3 Cytotoxic Potency of Covalent Epirubicin Immunochemotherapeutics
Creation of a synthetic covalent bond between epirubicin and anti-HER2/neu monoclonal immunoglobulin for
the production of epirubicin-(C3-amide)-[anti-HER2/neu] or epirubicin-(C3-amide)-SS-[anti-HER2/neu] did not
decrease the cytotoxic potency of the anthracycline against chemotherapeutic-resistant mammary
adenocarcinoma (SKBr-3) when assessed between the epirubicin-equivalent concentration range of 10-10 M to
10-6 M (Figures 3 & 4). Similar properties have been recognized previously for epirubicin-(C13-imino)
-[anti-HER2/neu] (Coyne et al., 2011), epirubicin-(C3-amide)-[anti-HER2/neu] (Coyne et al., 2009),
epirubicin-(C3-amide)-[anti-EGFR] (Coyne et al., 2009) and analogous covalent immunochemotherapeutics
designed to selectively “target” anthracycline delivery (Dillman et al., 1989; Herbert, Norris, & Sauk 2003;
Johnson, Briggs, Gutowski, & Barton 1995; King et al., 1999; Sivam et al., 1995; Stan, Radu, Casares, Bona, &
63

www.ccsenet.org/cco

Cancer and Clinical Oncology

Vol. 1, No. 2; 2012

Brumeanu 1999; Yang et al., 1988a).
Synthetic incorporation of an internal (integral) disulfide bond into the molecular structure of covalent
immunochemotherapeutics has potential merit as a strategy for enhancing the intracellular bioavailability of
chemotherapeutic moieties following internalization by mechanisms of receptor-mediated endocytosis. The
presumption is largely based on the concept that glutathione (GSH) tri-peptide is found intracellularly at levels
that are 100x to 1000x (2-to-10 mM) higher than concentrations found within the extracellular fluid or plasma
compartments (2-to-20 μM). Given this difference, disulfide bond structures have been synthetically
introduced into maytansinoid-immunochemotherapeutics with the intent of improving their intracellular
bioavailability following internalization by “targeted” neoplastic cell populations (Erickson et al., 2010; Kellogg
et al., 2011). Due to these considerations epirubicin-(C3-amide)-SS-[anti-HER2/neu] was synthesized with an
internal (integral) disulfide bond structure in order to determine if such a chemical modification influences
cytotoxic anti-neoplastic potency against mammary adenocarcinoma (SKBr-3) presumably by promoting
elevations in the intracellular bioavailability of the anthracycline moiety (Figure 1). In contrast to the cytotoxic
anti-neoplastic potency of covalent maytansinoid-immunochemotherapeutics against various cancer cell types
like human intestinal carcinoma (xenografts) (Erickson et al., 2010; Kellogg et al., 2011), the cytotoxic
anti-neoplastic potency of epirubicin-(C3-amide)-SS-[anti-HER2/neu] was not significantly greater compared to
epirubicin-(C3-amide)-[anti-HER2/neu] (Figure 3). Similar to results detected in comparisons between
epirubicin-(C3-amide)-SS-[anti-HER2/neu] and epirubicin-(C3-amide)-[anti-HER2/neu] several other covalent
immunochemotherapeutics with internal disulfide bonds incorporated into their molecular structure have also
been found to not possess increased levels of cytotoxic anti-neoplastic potency (Erickson et al., 2006; Lewis
Phillips et al., 2008; Sun et al., 2011). Certain maytansinoid-SS-[anti-HER2/neu] immunochemotherapeutics in
this regard that contain a synthetically introduced disulfide bond do not exert higher planes of cytotoxic
anti-neoplastic potency against HER2/neu positive breast cancer (Lewis Phillips et al., 2008). Potency of
epirubicin-(C3-amide)-SS-[anti-HER2/neu] against mammary adenocarcinoma (SKBr-3) might have been
improved if a modified analog of succinimidyl 2-[(4,4´-azipentanamido)ethyl]-1,3´-dithioproprionate had been
utilized to incorporate an internal disulfide bond structure at a physically different location or in a different
molecular configuration (Kellogg et al., 2011). A supportive analogy is the observation that
mytansinoid-immunochemotherapeutics that contain two methyl groups in close proximity to chemotherapeutic
moieties and are devoid of methyl groups on the “linker side” exert only intermediate levels of plasma stability,
but superior levels of cytotoxic anti-neoplastic potency against xenografts of human intestinal carcinoma
(Kellogg et al., 2011). Synthetic introduction of disulfide bond structures into covalent mytansinoidimmunochemotherapeutics can therefore increase in-vivo susceptibility to premature enzymatic degradation but
if they are located in a sterically hindered position they are less susceptible to enzyme-mediated liberation within
the intravascular compartment (Kellogg et al., 2011). Unfortunately it was not possible to evaluate the influence
of disulfide bond position on the cytotoxic potency of epirubicin-(C3-amide) -SS-[anti-HER2/neu] against
mammary carcinoma due to a lack of available reagents.
Other biochemical and cell biology associated variables may also account for the lack of improved cytotoxic
anti-neoplastic potency of epirubicin-(C3-amide)-SS-[anti-HER2/neu] against chemotherapeutic-resistant human
mammary adenocarcinoma (SKBr-3) compared to epirubicin-(C3-amide)-[anti-HER2/neu] (Figure 3). Covalent
epirubicin-(C13-imino)-[anti-HER2/neu] immunochemotherapeutic synthesized with an internal bond structure
that reportedly has acid-labile properties does not exert significantly higher levels of cytotoxic anti-neoplastic
potency against mammary adenocarcinoma (SKBr-3) than a non-acid-labile epirubicin-(C3-amide)-[antiHER2/neu] immunochemotherapeutic (Coyne et al., 2011b). The fact that epirubicin-(C3-amide)-SS-[antiHER2/neu] also did not exert an enhanced level of cytotoxic anti-neoplastic activity against chemotherapeutic
-resistant mammary adenocarcinoma (SKBr-3) may therefore reflect a cell biology related variable that explains
a lack of enhanced efficacy. Interestingly, minimal or no correlation frequently exists between the in-vitro and
in-vivo potency of covalent immunochemotherapeutics with synthetically introduced disulfide bond structures
(Kellogg et al., 2011) which is in marked contrast to covalent immunochemotherapeutics devoid of this same
internal chemical structure. Differences in cytotoxic anti-neoplastic potency to this degree in-vivo have been
attributed to the influence of hepatic metabolization and variations in the creation of lipophilic and hydrophilic
metabolites that determine the extent of distribution within fluid compartments and penetration across intact
cancer cell membranes (Erickson et al., 2010) .
The cytotoxic anti-neoplastic potency of the prototypic epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin
(C3-amide)-SS-[anti-HER2/neu] immunochemotherapeutics can potentially be enhanced in-vivo through several
molecular strategies that involve exploiting the over-expression of membrane HER2/neu and the molecular
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properties of anti-HER2/neu as a selective “targeted” delivery platform. Given this perspective, endogenous
trophic receptor over-expression is a critical variable that influences the cytotoxic anti-neoplastic potency of
anthracycline-[anti-HER2/neu], anthracycline-[anti-EGFR] and related covalent immunochemotherapeutics
because it provides opportunities to [i] significantly suppress neoplastic cell growth for populations with
proliferation rates heavily dependent on tropic receptor over-expression; [ii] promote continual and selective
chemotherapeutic deposition on the external surface membrane of neoplastic cells; and [iii] induce progressive
active chemotherapeutic internalization by mechanisms of receptor-mediated endocytosis in a manner that
promotes escalating increases in cytosol chemotherapeutic accumulation (Pimm, Paul, Ogumuyiwa, & Baldwin
1988; Shih et al., 1994; Stan et al., 1999; Yang et al., 1988a). The latter consideration is important since
receptor-mediated-endocytosis of epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[antiHER2/neu] can lead to increases in cytosol anthracycline concentrations that are 8.5x (Stan et al., 1999)
to >100x (Pimm et al., 1988) greater than those that are attainable by simple passive anthracycline diffusion from
the plasma or extracellular fluid compartments (e.g. following intravenous injection). Although specific data for
HER2/neu and EGFR receptor complexes in chemotherapeutic-resistant mammary adenocarcinoma (SKBr-3) is
limited, metastatic multiple myeloma internalizes approximately 8 x 106 anti-CD74 monoclonal antibody
molecules per day following binding to membrane CD74 sites (Hansen, Ong & Diril 1996). Following selective
“targeted” delivery more than 50% of an anthracycline at 24-hours is retained intracellularly (Stan et al., 1999)
where it is primarily associated with either internal membrane structures or it becomes distributed throughout the
cytosol environment (Liu et al., 2010; Shih et al., 1994). Conversely, “free” non-conjugated anthracycline upon
passive diffusion across intact cellular lipid bilayer membranes is detected predominately in complex with
nuclear DNA less than 30 minutes following initial exposure (Shih et al., 1994) whereas anthracycline liberated
from covalent immunochemotherapeutics ultimately distributes into, and accumulates within the nucleus,
mitochondria and golgi apparatus (Beyer, Rothen-Rutishauser, Unger, Wunderli-Allenspach & Kratz 2001).
Covalent immunochemotherapeutics like epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin (C3-amide)-SS[anti-HER2/neu] that posssess properties that include selective “targeted” delivery due to their binding avidity of
anti-HER2/neu, anti-EGFR, anti-VEGR or other anti-trophic receptor monoclonal immunoglobulins also afford a
therapeutic strategy for achieving additive and synergistic levels of cytotoxic anti-neoplastic potency. More
specifically, their molecular design makes possible the simultaneous inhibition of over-expressed trophic
receptor complexes in concert with the selective “targeted” delivery of conventional and non-conventional
chemotherapeutics. Chemotherapeutic examples relevant anti-HER2/neu include cyclophosphamide, docetaxel,
doxorubicin, etoposide, methotrexate, paclitaxel, and vinblastine (Pegram, Lopez, Konecny & Slamon 2000;
Slamon et al., 2001). Similar to anti-HER2/neu (Boone, Bhosle, Tilby, Hartley & Hochhauser 2009; Meden,
Beneke, Hesse, Novophashenny, & Wischnewsky 2001; Pegram et al., 2000; Slamon, & Pegram 2001; Slamon
et al., 2001; Winer & Burstein 2001), anti-EGFR (Ciardiello et al., 1999; Kim et al., 2006; Landriscina et al.,
2010) and anti-VEGF (García-Sáenz et al., 2008; Lynn et al., 2010; Zhang et al., 2002) can also evoke additive
and synergistic levels of cytotoxic anti-neoplastic potency when applied in dual combination with conventional
chemotherapeutics and other anti-cancer modalities. Variations in biological characteristics between and within
different types of neoplastic cell populations likely accounts for differential planes of cytotoxic anti-neoplatic
potency achieved with individual covalent immunochemotherapeutics and other forms of anti-cancer therapy.
However, the potential opportunities that exist with many if not most covalent immunochemotherapeutics to
achieve additive or synergistic levels of efficacy represent a distinctly attractive therapeutic advantage.
Conceptually, there are at least five variables that can be modified to achieve higher total cytotoxic
anti-neoplastic potency levels for epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS[anti-HER2/neu]. First, incubation times with mammary adenocarcinoma (SKBr-3) can be lengthened to
periods >72 hours (Coyne et al., 2011) thereby allowing greater opportunity for larger amounts of epirubicin to
be internalized by receptor-mediated-endocytosis and subsequent intracellular accumulation before and after
liberation of the anthracycline moiety from epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)
-SS-[anti-HER2/neu].
Second, cytotoxic anti-neoplastic potency can be evaluated utilizing neoplastic cell types that are not classified
as chemotherapeutic-resistant analogous to those applied in majority of the investigations published to date that
describe the efficacy of related covalent immunochemotherapeutics (Figures 3 thru 10). Few anthracyclineimmunoconjugates have been reported to exert cytotoxic anti-neoplastic potency against chemotherapeutic
(multi-drug) resistant neoplastic cell populations that is relatively greater than the same anthracycline in a “free”
unbound form (Dillman et al., 1989). Relevant exceptions are; [i] covalent epirubicin-(C3-amide)-[antiHER2/neu] (Coyne et al., 2009), epirubicin-(C3-amide)-[anti-EGFR] (Coyne et al., 2009) and
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epirubicin-(C13-imino)-[anti-HER2/neu] (Coyne et al., 2011b), against chemotherapeutic-resistant mammary
adenocarcinoma (SKBr-3); [ii] covalent anthracycline ligand-chemotherapeutics utilizing epidermal growth
factor (EGF) or an EDF-fragment against chemotherapeutic-resistant mammary carcinoma MCF-7AdrR
(Lutsenko Feldman & Severin 2002); and [iii] covalent daunorubicin immunochemotherapeutic synthesized
using anti-chondroitin sulfate proteoglycan 9.2.27 surface marker evaluated for cytotoxic anti-neoplastic potency
against the metastatic melanoma M21 cell type (Dillman et al., 1989; Yang et al., 1988a; Yang & Reisfeld
1988b).
Third, cytotoxic anti-neoplastic potency of covalent immunochemotherapeutics can be assessed by measuring
cellular proliferation with either [H3]-thymidine, or an ATP-based assay method because of their
reportedly >10-fold greater sensitivity in detecting early cell injury compared to MTT vitality stain based assay
methods (Mueller, Kassack, & Wiese 2004; Ulukaya, Ozdikicioglu, Oral, & Dermirci 2008). Despite this
consideration, MTT vitality stain continues to be extensively applied for the routine assessment of cytotoxic
anti-neoplastic potency of chemotherapeutic agents in part because the detection of true cancer cell death is
generally considered superior to the detection of reversible cellular injury (Dery, Van Themsche, Provencher,
Mes-Masson, & Asselin 2007; Huang, Pierstorff, Osawa, & Ho 2007; Kars, Iseri, Gunduz, & Molnar 2008; Spee
et al., 2006; Varache-Lembège, Larrouture, Montaudon, Robert, & Nuhrich 2008)
Fourth, cytotoxic anti-neoplastic potency can be delineated in-vivo utilizing human neoplastic xenographs in
animal hosts as a neoplastic disease model where the efficacy of covalent immunochemotherapeutics frequently
tends to be higher than in ex-vivo tissue culture models utilizing the same identical cancer cell type (Aboud-Pirak,
Hurwitz, Bellot, Schlessinger, & Sela 1989; Johnson et al., 1995; Zhang, Wang, Li, Liu, & Dong 1992).
Enhanced levels of covalent immunochemotherapeutic potency measured in-vivo that can not effectively be
assessed in ex-vivo tissue culture is presumed to at least in part be dependent upon responses by the endogenous
immune system through processes that include antibody-dependent cell cytotoxicity (ADCC) phenomenon in
concert with complemented-mediated cytolysis activated by the formation of HER2/neu-immunoglobulin
complexes on the exterior surface membrane of “targeted” neoplastic cells. Endogenous immune cell types
involved in ADCC responses release cytotoxic mediators known to additively and synergistically enhance the
cytotoxic anti-neoplastic activity of conventional chemotherapeutics (Coyne, Fenwick & Ainsworth 1997). The
contributions of ADCC and complement-mediated cytolysis to the in-vivo cytotoxic anti-neoplastic potency of
covalent anthracycline immunochemotherapeutics would be further complemented by the additive and
synergistic properties attained with monoclonal immunoglobulin inhibitors of trophic receptors applied in dual
combination with conventional chemotherapeutics (Ciardiello et al., 1999; Fry, Schilke, McGuire, & Bird 2010;
García-Sáenz et al., 2008; Jin et al., 2010; Kim et al., 2006; Landriscina, Maddalena et al., 2010; Lynn et al.,
2010; Pegram, Lopez, Konecny, & Slamon 2000; Slamon et al., 2001; Slamon & Pegram 2001; Winer &
Burstein 2001; Zhang et al., 2002). Additive or synergistic interactions of this type have been detected with
anti-HER2/neu in concert with cyclophosphamide, docetaxel, doxorubicin, etoposide, methotrexate, paclitaxel,
or vinblastine (Pegram, Lopez, Konecny, & Slamon 2000; Slamon et al., 2001).
Fifth, the synthesis strategy for epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS[anti-HER2/neu] could have been modified to increase the anthracycline molar-incorporation-index.
Unfortunately, such modifications usually entail harsher synthesis conditions that impose a higher risk for
declines in retained biological function and substantial reductions in final/total yield (Greenfield et al., 1990;
Zhang et al., 1992). In addition to harsher synthesis conditions, excessively high molar incorporation indexes for
anthracycline can (as previously discussed) also reduce the biological integrity of immunoglobulin fractions
when the number of chemotherapeutic moieties covalently introduced into the Fab’ antigen-binding region
becomes excessive. Such modifications can result in only modest declines in immunoreactivity (e.g. 86% for a
73:1 ratio) but disproportionate declines in anti-neoplastic potency with reductions in activity to levels that are
substantially lower than those associated with non-conjugated “free” anthracycline (Zhang et al., 1992).
4.4 Cytotoxic Anti-Neoplastic Potency of Benzimidazoles
The benzimidazole anthelmintics exert a mechanism-of-action in neoplastic cells that is distinctly different, but
similar to that of the vinca alkaloids (Spagnuolo et al., 2010) which involves binding to colchicine-sensitive sites
on -tubulin protein. Due to this mechanism-of-action, the benzimidazoles inhibit tubulin polymerization or
tubulin de-polymerization resulting in a suppression of normal microtubule assembly and function necessary for
mitosis (cell cycle M-phase). Coincident with a disruption of mitosis, benzimidazole tubulin/microtubule
inhibitors are believed to induce apoptosis in neoplastic cells through a variety of pathways based upon detected
elevations in Bcl-2 phosphorylation, caspase-3, caspase-8, caspase-9, cytochrome-C release, p53, DNA laddering
phenomenon, and DNA fragmentation (TUNEL) (Doudican, Rodriguez, Osman, & Orlow 2008; Khalilzadeh,
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Wangoo, Morris, & Pourgholami 2007; Martarelli, Pompei, Baldi, & Mazzoni 2008; Pourgholami, Akhter, Wang,
Lu, & Morris 2005; Sasaki et al., 2002). Declines in neoplastic cell growth and vitality induced by
benzimidazole tubulin/microtubule inhibitors have been recognized as a function of alterations in parameters that
reflect G2/M and G0-G1 arrest, decreased [3H]thymidine incorporation, spheroid cell formation, altered cell
vitality staining intensity, and lower functional growth characteristics (Pourgholami et al., 2005; 2001; Sasaki et
al., 2002; Martarelli et al., 2008). In neoplastic tissues, benzimidazole anthelmintics have been shown to reduce
expression of CD31 (tumor angiogenesis biomarker), carcinoembryonic antigen (CEA: in-vivo), and -feto
protein (AFP: in-vivo); while also suppressing migration/invasion (in-vitro), metastasis (in-vivo), and tumor
(in-vivo) growth kinetics (Martarelli et al., 2008; Mukhopadhyay, Sasaki, Ramesh & Roth 2002; Morris, Jourdan
& Pourgholami 2001). Preliminary experimental investigations have detected adrenocortical carcinoma
(xenographs), colorectal cancer, hepatocellular carcinoma, leukemia, lung cancer, (non-small cell), melanoma
(chemo-resistant), myeloma, and ovarian cancer that are sensitive to benzimidazole tubulin/microtubule
inhibitors (Martarelli et al., 2008; Morris, Jourdan & Pourgholami 2001; Khalilzadeh et al., 2007; Spagnuolo et
al., 2010; Mukhopadhyay et al., 2002; Sasaki et al., 2002; Doudican et al., 2008; Pourgholami et al., 2001; 2005;
2009; 2010). The cytotoxic anti-neoplastic potency of the benzimidazole class of tubulin/microtubule inhibitors
against breast cancer has previously remained largely unknown.
In chemotherapeutic-resistant human mammary adenocarcinoma (SKBr-3) the benzimidazoles, albendazole,
mebendazole and flubendazole all demonstrated a degree of cytotoxic anti-neoplastic potency at a final
concentration range between 0-to-2.5 M (Figure 5). Previous descriptions have reported very similar results
against other neoplastic cell types (Doudican et al., 2008; Khalilzadeh et al., 2007; Martarelli et al., 2008;
Pourgholami et al 2005; Pourgholami et al., 2001; Sasaki et al., 2002; Spagnuolo et al., 2010). Flubendazole was
the most potent benzimidazole while albendazole was substantially less potent than either flubendazole or
mebendazole which closely correlates with their relative order of cytotoxic anti-neoplastic potency against
leukemia and myeloma cell types (Figure 5) (Spagnuolo et al., 2010). In contrast to flubendazole, the creation of
mammalian chromosomal aberrations has to date not been reported for either albendazole or mebendazole
(Nianjun, Cerepnalkoski, Nwankwo, Dews, & Landolph 1994).
4.5 Cytotoxic Anti-Neoplastic Potency of Griseofulvin
The anti-fungal tubulin/microtubule inhibitor, griseofulfin and the organoselenium compound
methylselenocysteine both exerted cytotoxic anti-neoplastic potency against mammary adenocarcinoma (SKBr-3)
when formulated at final concentrations between 0-to-100  (Figure 6). Various organoselenium compounds
including methylselenocysteine are known to exert cytotoxic anti-neoplastic properties against mammary
adenocarcinoma/carcinoma (Coyne et al., 2011; Ip & Dong 2001; Johnson, Morrissey, Kapetanovic, Crowell, &
McCormick 2008; Li et al., 2009; Medina, Thompson, Ganther, & Ip 2001) and other cancer cell types (Cao,
Durrani, & Rustum 2004; Chintala et al., 2010) while also enhancing the potency of anthracyclines (Coyne et al.,
2011; Juliger, Goenaga-Infante, Lister, Fitzgibbon, & Joel 2007; Li, Zhou, Dong & Ip C 2007; Li, Zhou, Wang,
Zhang, Dong, & Ip 2007) and covalent epirubicin-immunochemotherapeutics (Coyne et al., 2011). Somewhat
surprisingly the cytotoxic anti-neoplastic potency of griseofulvin against mammary adenocarcinoma (SKBr-3)
was substantially greater than molar-equivalent (standardized) concentrations of methylselenocysteine (Figure 6).
The final concentrations of 20 and 40 μM most prominently reflected this property but the difference was
marked at 20 μM (Figure 7).
Similar to the benzimidazole tubulin/microtubule inhibitors, the mechanism-of-action for griseofulvin involves
binding to tubulin protein and disruption of microtubule function resulting in an inhibition of normal mitosis
(Rathinasamy et al., 2010). In neoplastic cells griseofulvin also promotes inhibition of centriole clustering,
stabilization of microtubule dynamics, and G2/M arrest (Rathinasamy et al., 2010; Ho et al., 2001; Uen, Liu,
Weng, Ho, & Lin, 2007). Failure of chromosomal division in turn induces tumor cell death but interestingly does
not detectably influence normal healthy cell populations. Griseofulvin additionally stimulates p53 activation and
induces apoptosis reflected by the detection of increases in DNA fragmentation (“laddering”), nuclear lamin
alterations, accompanied by induced alterations in expression profiles for Cdc2 kinase, caspase-8, caspase-9, and
changes in viability staining characteristics (Rathinasamy et al., 2010; Ho et al., 2001; Uen et al., 2007).
Neoplastic cell types that clinical may be sensitive to griseofulvin include mammary carcinoma, cervical
carcinoma, colorectal carcinoma, oral squamous cell carcinoma, hepatocellular carcinoma, osteosarcoma and
myeloid leukemia (Panda, Rathinasamy, Santra, & Wilson, 2005; Rebacz et al., 2007; Ghadimi et al., 2000;
Rønnest et al., 2009; Rathinasamy et al., 2010; Ho et al., 2001; Uen et al., 2007).
The benzimidazole anthelmintics and griseofulvin anti-fungal agent have a mechanism-of-action that is highly
analogous to that of many conventional tubulin/microtubule inhibitor chemotherapeutics. Even though very little
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is known about the cytotoxic anti-neoplastic properties of benzimidazole anthelmintic and griseofulvin
anti-fungal agents, their mechanism-of-action suggests that they can potentially suppress the growth and vitality
of cancer cell populations both alone, and in multi-chemotherapeutic regimens similar to the vinca alkaloids,
taxanes (e.g. paclitaxel), podophyllotoxins (e.g. etoposide) and monomethyl auristatin E (MMAE). The cytotoxic
anti-neoplastic potency of epirubicin-(C3-amide)-[anti-HER2/neu] and epirubicin-(C3-amide)-SS-[antiHER2/neu] formulated between the final epirubin-equivalent concentrations of 10-10 M to 10-6 M was markedly
increased when applied in concert with mebendazole and griseofulvin (Figures 7 & 8). Mebendazole and
griseofulvin evoked slightly higher levels of cytotoxic anti-neoplastic activity in dual combination with
epirubicin-(C3-amide)-[anti-HER2/neu] than was detected with epirubicin-(C3-amide)-SS-[anti-HER2/neu] but
the variable responsible for this trend remains unknown although it may possibly be related to variations in
intracellular epirubicin bioavailability or differences in the lipophilic characteristics of different epirubicin
metabolite analogs (Figures 7, 8, 9 & 10) (Erickson et al., 2010).
Capacity of the benzimidazole class of tubulin/microtubule inhibitors to evoke additive or synergistic levels of
cytotoxic anti-neoplastic potency when applied in dual combination with conventional (e.g. vinblastine)
(Spagnuolo et al., 2010) or selectively “targeted”/delivered chemotherapeutic agents has previously been very
rarely delineated. Similarly, the potential for griseofulvin in combination conventional chemotherapeutics in
multi-combination regimens to create additive or synergistic levels of cytotoxic anti-neoplastic potency has to
date been investigated on a very limited scale. In preliminary investigatins, however, griseofulvin has been found
to complement the anti-neoplastic properties of nocodazole (Ghadimi et al., 2000; Ho et al., 2001) and
vinblastine (Rathinasamy et al., 2010).
Despite these voids in knowledge, multiple implications arise upon the acknowledgement that benzimidazole
and griseofulvin tubulin/microtubule inhibitors can produce additive or synergistic cytotoxic anti-neoplastic
potency when applied in dual combination with conventional or selectively “targeted” chemotherapeutics.
Results observed with the benzimidazoles and griseofulvin tubulin/microtubule inhibitors indicate that they
potentially have realistic utility as an alternative class of chemotherapeutic capable of providing “new”
opportunities for achieving more potent long-term resolution of even the most resistant forms of breast cancer
and other neoplastic disease states while simultaneously posing a lower risk of undesirable sequelae. In either a
mono-therapy format or as a component of a combination multi-chemotherapeutic regimen these attributes can
potentially be attained because benzimidazole and griseofulvin tubulin/microtubule inhibitors are apparently
poor P-glycoprotein substrates (Khalilzadeh et al., 2007; Spagnuolo et al., 2010) and they have a relatively wider
margin-of-safety than many if not most conventional chemotherapeutics (de Silva, Guyatt & Bundy 1997;
Morris et al., 2001b; Pourgholami et al., 2005; 2010). The benzimidazole anthelmintics and griseofulvin when
applied in additive and synergistic combinations with other chemotherapeutics or anti-cancer modalities can
potentially add another level of safety because they are able to ultimately afford lower total dosage requirements.
Presumably the highest levels of additive and synergistic cytotoxic anti-neoplastic potency and widest
margin-of-safety can be attained when benzimidazole anthelmintics or griseofulvin are substituted for
conventional tubulin/microtubule inhibitor chemotherapeutics in combination regimens that also apply covalent
anthracyline-immunochemotherapeutics with properties of selective “targeted” delivery. Such considerations are
critically important to the development of safer and more effective treatment regimens in order to reduce
collateral cardiotoxicity (Danesi et al., 2006; Last et al., 2003; Nakano, Takeshige, Toshima, Tokunaga, &
Minakami 1989) and nephroticity (Bulucu et al., 2008) that commonly limit systemic anthracycline
administration.
5. Conclusion
Cardiotoxicity (doxorubicin >> epirubicin) (Danesi et al., 2006; Last et al., 2003; Nakano et al., 1989), nephroticity
(Bulucu et al., 2008) and chemotherapeutic resistance represent complications that can commonly limit
anthracycline administration in modern clinical oncology. The molecular design and methodology delineated for
the synthetic production of covalent epirubicin-immunochemotherapeutics utilizing a UV-photoactivated
anthracycline intermediate addresses a need to discover and optimize laboratory methods for the expedient
production of anti-cancer therapies at higher end-product yields that possess properties of selective “targeted”
delivery that complement the efficacy and potency of conventional and unconventional chemotherapeutics. In
this context, selective “targeted” epirubicin delivery affords the opportunity to achieve cytosol concentrations
that are greater than can be attained by simple passive diffusion, serve as a molecular mechanism for minimizing
the impact of chemotherapeutic-resistance in many forms of neoplastic disease, and it serves as a way of
minimizing chemotherapeutic diffusion into innocent tissues and organ systems (potential for a relatively wider
margin-of-safety). Covalent anthracycline immunochemotherapeutics are relevant to the treatment of breast
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cancer and many other neoplastic conditions complicated by aggressive localized growth characteristics or have
a high probability for metastasis and therapeutic resistance (Alexander, Greene, Torti & Kucera 2005).
Preliminary laboratory analyses that detects and measures over-expression of trophic membrane receptors (e.g.
HER2/neu, EGFR, VEGFR), proteins associated with chemotherapeutic resistance (e.g. P-glycorprotein, breast
cancer type susceptibility protein/BRCA1 (Chekhun et al., 2009), and endocrine receptor profiles (e.g. estrogen,
progesterone, testosterone) could be applied to account for biological variations and identify neoplastic
conditions most effectively resolved with covalent immunochemotherapeutics like epirubicin-(C3-amide)[anti-HER2/neu]. Base on these considerations, future investigations devoted to delineating the benefit of
implementing epirubicin-(C3-amide)-[anti-HER2/neu] in the formulation of individualized treatment protocols is
warranted.
Discovery of the cytotoxic anti-neoplastic potency of the benzimidazole anthelmintics and griseofulvin against
mammary adenocarcinoma (SKBr-3) illustrates their potential applicability as an alternative class of
tubulin/microtubule inhibitor chemotherapeutics and encourages support for future investigations devoted to
determining their role in the development of new treatment regimens. Relevant attributes include a greater level
of efficacy against certain chemotherapeutic-resistant neoplasias that over-express P-glycoprotein and the
opportunity they provide to additively or synergistically complement the efficacy of conventional and selectively
“targeted”/delivered chemotherapeutics. Such considerations are directly relevant to current trends and
objectives in modern clinical oncology directed at identifying multi-treatment protocols with a wider
margin-of-safety that more potently resolve locally aggressive, highly metastatic and resistant forms of cancer.
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