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Abstract

:

Vitamin B12 (cyanocobalamin) is an essential nutrient with very low bioavailability. Compared with normal cells, tumor cells show an increased demand for vitamin B12 to support their abnormal proliferation, which is a feature that can be exploited for the tumor-specific delivery of therapeutic and/or diagnostic agents by functionalizing vitamin B12 with suitable metallodrugs and/or luminescent probes. In this context, we report on the design of fluorescent vitamin B12–metal conjugates of the type [FLUO–B12–{M}] in which cyanocobalamin is functionalized at the 5′-site of the ribose unit with a fluorophore (FLUO: rhodamine 6G), whereas the Co(III)–cyano moiety is N-coordinated to a metal-based anticancer scaffold ({M}: Pt(II) substrate bearing enantiopure phenylamino-oxime ligands derived from R- or S-limonene). Two novel fluorescent cyanocobalamin–platinum(II) derivatives and their corresponding non-fluorescent counterparts were successfully generated and fully characterized, including the evaluation of their lipophilicity and luminescent properties. Although they exhibit low antiproliferative activity (IC50 = 40–70 μM), both fluorescent vitamin B12–platinum(II) conjugates showed an enhanced capability to inhibit cell viability compared with the inactive metal precursors and the non-fluorescent vitamin B12–platinum(II) analogues, confirming the beneficial effect of functionalization with the rhodamine 6G scaffold not only for imaging purposes but also with the aim of improving their biological activity.
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1. Introduction


Although still largely exploited in cancer treatment, conventional chemotherapy based on broad-spectrum cytotoxic chemotherapeutics presents several drawbacks arising from its general incapability to selectively target tumor cells over normal ones, often resulting in the onset of severe side effects associated with its toxicity [1]. In this context, clinically established platinum drugs (i.e., cisplatin, carboplatin, and oxaliplatin) are no exception: in fact, despite their undebatable therapeutic efficacy for the treatment of many types of tumors, their lack of specificity often induces systemic toxicity besides killing cancer cells [2]. Therefore, the rational design of tumor-selective drugs has been a major research priority during the past two decades [3], especially since the approval of the first small-molecule targeted drug, imatinib (a tyrosine kinase inhibitor), in 2002 for clinical use for the treatment of gastrointestinal stromal tumors and leukemia [4]. Recent advances in the understanding of the multistep development of tumors have led to the identification of well-defined hallmarks shared by most (possibly all) types of malignancies [5]. Accordingly, focusing on one or more of such hallmark capabilities of tumor cells would support the development of tumor-selective drugs. The fundamental concept of so-called targeted chemotherapy relies on the ideal assumption that a chemotherapeutic drug should be delivered and accumulate selectively at the tumor site but not in the rest of the body. Therefore, the conjugation of a bioactive drug to a tumor-targeting (bio)molecule would generate a “smart bomb” for cancer treatment [6].



Amongst the many potential options available, vitamin B12 may be used as a carrier to achieve the tumor-selective delivery of drugs [7,8]. Vitamin B12 (B12, first isolated as cyanocobalamin (Figure 1)) is an essential micronutrient of microbial origin. The recommended daily intake for adults is 2.5 μg, and since it is not produced within the human body, it must be sourced from animal-derived foods or supplements [9]. The metabolism of vitamin B12 in humans is rather complex and involves the action of three transport proteins, namely haptocorrin (also known as transcobalamin I), gastric intrinsic factor, and transcobalamin II, which support its transport from the oral cavity to the cells. Once released into the cytoplasm, free vitamin B12 is converted into its biologically active forms: methylcobalamin (a coenzyme necessary for the methylation of homocysteine) and 5′-deoxyadenosylcobalamin (acting as a cofactor to convert methylmalonyl-coenzymeA into succinyl-coenzyme A, which subsequently enters the Krebs cycle to produce energy) [10]. Consequently, the fact that rapidly dividing tumor cells, requiring higher amounts of methionine and energy to sustain their abnormal growth, show a preferential accumulation of cyanocobalamin compared with healthy cells is not at all surprising. Such increased demand of vitamin B12 by cancer cells makes it very attractive to selectively target tumor sites [11].



Positive outcomes were reported by Alberto and coworkers for some vitamin B12–platinum(II) conjugates in which cisplatin-like derivatives are bound to the cyano group of the vitamin [12,13,14,15]. Such conjugates were shown to be taken up preferentially by cancer cells at higher amounts compared with native vitamin B12, thus providing a promising proof of concept supporting the rationale of the proposed strategy [16]. A similar approach was successfully used to design cyanocobalamin-functionalized technetium-based radiopharmaceuticals [17] and ruthenium(II)-based anticancer agents [18]. Finally, it was recently reported that vitamin B12 exhibited synergistic anticancer effects in combination therapy towards different tumor cell lines, suggesting its use as a potential adjunctive treatment option for some cancer types [19].



On account of the aforementioned considerations, such avidity of cyanocobalamin in cancers may be exploited for the site-specific delivery of drugs directly into the tumor by conjugating vitamin B12 (carrier) to either anticancer (chemotherapeutics) or imaging (fluorophores) agents. In particular, vitamin B12 derivatives functionalized with suitable fluorophores can be conjugated to metal-based chemotherapeutics so as to attain the site-specific delivery of drugs into the affected tissues [20,21,22]. Accordingly, with reference to Figure 2, our aim was to design fluorescent vitamin B12–metal conjugates of the type [FLUO–B12–{M}] in which cyanocobalamin is functionalized at the 5′-hydroxo group of the ribose unit with a fluorophore (FLUO: rhodamine 6G), whereas the Co(III)–cyano moiety is coordinated to a metal-based scaffold ({M}: Pt(II) substrate bearing enantiopure phenylamino-oxime ligands derived from R- or S-limonene). The rationale behind the proposed designing approach is based on the evidence that vitamin B12 is converted into its cofactors (methylcobalamin and adenosylcobalamin) inside the cell upon reduction of Co(III) to Co(II), followed by the subsequent release of the cyano group. Therefore, by binding metal-containing bioactive substrates to the cyanocobalamin Co(III)–CN moiety, should the overall bioconjugate accumulate preferentially in the tumor cells, the potentially cytotoxic species {CN–metallodrug} would be expected to be released directly into the diseased site where it could exert its anticancer activity without affecting healthy tissues. Additionally, the fluorophore attached at the 5′-ribose moiety would allow the transport and biodistribution to be followed and assessed by fluorescence spectroscopy [12,13,17]. Therefore, the goal is to take advantage of the increased demand for cyanocobalamin in tumor cells by exploiting its carrier properties to design selective “Trojan Horse”-type theranostics in which the structural features of vitamin B12 conceal both the attached imaging agent and the metallodrug so as to achieve a better therapeutic outcome and reduce side effects. Potentially, this designing strategy has a two-fold advantage: (i) to combine the anticancer properties of metal derivatives with the tumor-targeting properties provided by the coordinated cyanocobalamin and (ii) to exploit the conjugated fluorescent probe for tumor imaging.



Specifically, two novel fluorescent cyanocobalamin–platinum(II) derivatives and their corresponding non-fluorescent counterparts were successfully generated and fully characterized, and their lipophilicity and luminescent properties were evaluated. Preliminary in vitro biological studies, such as antiproliferative activity, cell uptake, and the effect on the cell cycle, were also carried out, together with the evaluation of metal conjugate–DNA interactions. The results are discussed in relation to the data available in the literature to date.




2. Results and Discussion


2.1. Syntheses and Characterizations


All intermediates and newly synthesized species were purified by HPLC and characterized by MS, FT-IR, and mono- and multidimensional NMR spectroscopy. The detailed synthetic procedures and spectroscopic data are reported in the Supplementary Materials.



2.1.1. Fluorophore-Functionalized Cyanocobalamin


In order to preserve the biological functionality of vitamin B12, chemical modifications should not impair the interaction with the transport proteins required for intracellular trafficking and endocytosis. In this regard, the 5′-hydroxo group of the ribose unit proved to be the most favorable site for attaching large molecules without affecting the recognition of vitamin B12 by such proteins, thus allowing it to be recognized, transported, and internalized inside the cell [23,24,25,26,27]. Accordingly, the first phase involved the functionalization of the 5′-site of the ribose with a suitable fluorophore through a spacer. Specifically, the rigid linker trans-1,4-diaminocyclohexane was incorporated with the aim of orienting the fluorophore afar from the corrin ring of cyanocobalamin in order to minimize intramolecular dynamic interactions with vitamin B12 that would impair the luminescent properties of the fluorophore [28].



Vitamin B12 was successfully functionalized at the 5′-site of the ribose moiety with the commercially available fluorophore rhodamine 6G (R6G). This multi-step synthesis was initially carried out following a literature procedure [28], which proved to be somewhat inefficient in terms of yield and purity and, as such, required the implementation of a number of modifications to the experimental procedure. The first step (Scheme 1) involved the replacement of the ethyl ester of R6G with the rigid linker trans-1,4-diaminocyclohexane through the formation of an amide bond in the presence of Al(CH3)3. In contrast to what was previously reported, the final purified species R6G* did not fully preserve the original structure of rhodamine 6G. Rhodamine-based dyes are well known to undergo structural interconversion in solution. For example, rhodamine 10 (that is, the non-esterified precursor of rhodamine 6G) may exist at the equilibrium in different structural isomers (namely native, zwitterion, and lactone forms) depending on the experimental conditions [29]. In our specific case, the formation of lactam form was confirmed by X-ray crystallography (Figure 3), which is consistent with the molecular structure reported for other similar functionalized lactam-type rhodamine 6G derivatives [30,31].



From a spectroscopic point of view, this was also supported by the disappearance in the IR spectrum of R6G* of the vibrations at 3636, 1648, and 1566 cm−1 assigned to ν(NH), ν(C=N), and δ(C=N–H), respectively, of the “iminium” group recorded for the starting reagent R6G, together with the recording of new bands at ~2900 (νa,s), 1622 (δa), and 1518 (δs) cm−1 associated with the protonated NH3+ of the cyclohexyl pendant [29,32].



The second step led to the generation of the fluorescent vitamin B12 intermediate R6G*-B12 (Scheme 2). In contrast to what was reported in reference [28], 1,1′-carbonyldiimidazole (CDI) proved to be much more efficient than 1,1′-carbonyl-di-(1,2,4-triazole) as an acylating agent for the activation of the 5′-hydroxide group of the ribose moiety of cyanocobalamin. The coupling of the fluorescent probe was then achieved upon the nucleophilic attack of the amino group of rhodamine 6G–trans-1,4-diaminocyclohexane (R6G*) through the inclusion of a carbamate linkage, yielding the desired adduct R6G*-B12 in a 71% yield after column chromatography purification.



The composition of the final compound was confirmed by HRMS, which returned peaks for [M + H]+, [M + 2H]2+, and [M + 3H]3+ at 1892.9083 (calcd. 1892.8564), 946.9586 (calcd. 946.9319), and 631.6422 (calcd. 631.6237) m/z, respectively, in agreement with the data reported in the literature [28]. As expected, the IR and NMR spectra of R6G*-B12 appeared like superimpositions of the individual IR and NMR spectra of vitamin B12 and R6G*. The only notable difference was the appearance of a new signal at 177.4 ppm in the 13C{1H} NMR spectrum of R6G*-B12 (absent in the spectra of both the R6G* and vitamin B12 precursors) assigned to the carbamate C=O group, as well as a general downfield shift of the 1H and 13C chemical shifts of the groups which were most directly affected by the formation of the linkage between the ribose moiety of cyanocobalamin (CR5H2: from 3.75–3.92 to 4.07–4.11 ppm; CR5H2: from 62.7 to 64.0 ppm) and the trans-1,4-diamidocyclohexane linker of R6G* (Ca4H: from 2.93 to 3.27 ppm; Ca4H: from 49.7 to 50.4 ppm).




2.1.2. Amino-Oxime Platinum(II) Complexes


Stereochemistry is well known to play a major role in the activity of biologically active species [33], and the anticancer properties of some chiral platinum derivatives have been reported [34]. In this context, natural terpenes are enantiomerically pure, commercially available low-cost reagents that may be used as building blocks to prepare optically active metal derivatives through the exploitation of known stereoselective functionalization procedures [35]. Royo and coworkers previously reported on the use of chiral amino-oxime organic compounds derived from R- and S-limonene to prepare water-soluble, enantiopure Ru(II) [36,37], Ti(IV) [38,39], Pd(II) [40], and Pt(II) [41] derivatives with relevant antitumor properties. The rationale behind the aforementioned designing strategy relies on the fact that both amino and oxime functional groups are versatile building blocks for the design of soluble and stable metal compounds under physiological conditions [42,43]. Additionally, the derivatization of organic scaffolds with oxime groups has shown interesting biological properties, such as the inhibition of several protein kinases, as well as anti-inflammatory, analgesic, bactericidal, antiviral, and anticancer activities [44].



In this regard, given our interest in the use of enantiopure phenylamino-oxime pro-ligands derived from limonene to design new metal-based agents with potential anticancer effects, the (2R,5S)-2-methyl-5-(1-methylethenyl)-2-(phenylamino)-cyclohexanone oxime (L1) ligand and the corresponding (2S,5R)-2-methyl-5-(1-methylethenyl)-2-(phenylamino)-cyclohexanone oxime (L2) enantiomer were synthesized as previously described [45] and subsequently coordinated to Pt(II) centers. With reference to Scheme 3, equimolar amounts of K2[PtCl4] and either L1 or L2 were reacted in a H2O/MeOH mixture, yielding the corresponding platinum(II) derivatives Pt1 and Pt2, respectively.



Interestingly, both platinum(II) complexes were obtained as a mixture of RN and SN epimers of the title compounds consequently to the N-donor of the amine function of the ligands becoming chiral upon coordination. This is evident, for example, in the 1H NMR spectrum of Pt1, where all hydrogen signals were assigned with the aid of [1H,1H] COSY, 13C{1H} NMR, 13C{1H} DEPT, and [1H,13C] HMQC experiments (see Supplementary Materials for details). An RN-Pt1:SN-Pt1 epimers ratio of ca. 2.5:1 was estimated by 1H NMR in CD3OD, where the mixture remained unchanged over 72 h.



The pure major epimer RN-Pt1 could be isolated by recrystallization from chloroform (89% yield). However, upon dissolution in various solvents, an epimerization process involving the coordinated amino moiety occurred [40,46,47], again leading to a final RN-Pt1:SN-Pt1 ratio of ca. 2.5:1 in both CDCl3 (within 24 h) and CD3OD (within a few minutes), as estimated by 1H NMR spectroscopy. Eventually, a full NMR characterization of each epimer was carried out in CDCl3, in which solvent (unlike CD3OD) the 1H peaks of the oxime (C=NOH) and amino (C–N(Ph)H) moieties could be detected, thus allowing the carrying out of [1H,13C] and [1H,15N] HMBC experiments. The chemical shift changes of the 15N signals arising from the oxime and amino groups of Pt1 (at 247.6 and 51.2 ppm, respectively, for RN-Pt1, 15N resonances of the minor epimer SN-Pt1 could not be detected) compared with the free ligand L1 (at 343.5 and 84.1 ppm, respectively) are consistent with a κ2N-bidentate coordination of the ligand to the metal center. In addition, the 13C resonances due to the C=NOH and C–N(Ph)H groups (RN-Pt1: 171.6 and 75.7 ppm; SN-Pt1: 170.6 and 75.1 ppm) showed a marked downfield shift relative to the same peaks found for L1 (164.9 and 57.0 ppm). Epimerization was also evaluated in both solvents at increasing temperatures (up to 70 °C), which did not significantly affect the final ratio of the RN-Pt1 and SN-Pt1 epimers in the solution with respect to room temperature.



IR spectroscopy proved to be useful to further confirm the successful generation of the platinum(II) complex. The most diagnostic bands were assigned to vibrations involving the groups directly coordinated to the metal center, that is, the oxime and amino nitrogen donors. For instance, ν(OH)oxime (3307 cm−1) and ν(NH)amine (3205 cm−1) appear much sharper and resolved than in the free ligand, as reported in the literature [40], and ν(C=N)oxime, ν(Ph–N)amine, and ν(N–OH)oxime (at 1599, 1236, and 910 cm−1, respectively) show a general shift to lower wavenumbers upon metal binding, which is in agreement with the data in the literature [48,49]. Additional information was obtained from the far-IR spectrum of Pt1 (Figure 4). With respect to the free ligand L1, two new intense bands were recorded at 350 and 336–327 cm−1, assigned to ν(Pt–NPh) [49] and ν(Cl–Pt–Cl) [50], respectively. The ν(Pt–NOH) vibration was tentatively assigned to the band at 451 cm−1 based on the only associated data retrieved from the literature [48].



Crystals suitable for X-ray crystallography were obtained for RN-Pt1. With reference to Figure 5, the platinum(II) center shows a square planar geometry resulting from the bidentate coordination of the L1 ligand through the oxime and amino nitrogen donor atoms, with the remaining coordination sites being occupied by two chlorido ligands. The crystal structure also confirmed the absolute configuration of the complex, namely RN,2R,5S. The most characteristic feature of the molecule is the short intramolecular =N–O–H···Cl–Pt contact, with a O(1)···Cl(1) distance of 3.12(1) Å [40,41,51].



Identical results were observed for the second platinum(II) complex Pt2, which was also obtained as a ca. 2.5:1 epimers ratio mixture of SN-Pt2 and RN-Pt2, respectively, as estimated by 1H NMR. Although the pure major epimer SN-Pt2 could also be isolated by recrystallization from chloroform (94% yield), unfortunately, no crystals suitable for X-ray crystallography were obtained. Nevertheless, a comparison of the IR and NMR spectra of Pt2 and Pt1 confirmed their enantiomeric relationship (see Supplementary Materials for details).




2.1.3. Vitamin B12–Platinum(II) Derivatives


Prior to generating the target fluorescent vitamin B12–platinum(II) derivatives, we first focused on testing and optimizing the synthetic protocol by synthesizing the model non-fluorescent metal conjugates. As shown in Scheme 4, the metal precursor (either Pt1 or Pt2) was first treated with 1 eq. of AgNO3 in order to remove one chloride, thus leading to the corresponding aquo intermediate. AgCl was then filtered off, and the resulting filtrate was reacted with 0.4 eq. of vitamin B12 at 37 °C in the dark for four days. Such experimental conditions were dictated by the fact that in the CoIII–CN moiety, the lone pair located on the nitrogen atom is strongly attracted towards the metal center in the +3 oxidation state, which makes it less available to further coordinate another metal center in a bridging mode. Therefore, an excess of platinum(II) precursors and long reaction times were chosen in order to “push” the reaction towards the desired product given the fact that higher temperatures cannot be used to prevent the thermal degradation of cyanocobalamin.



After evaporating the solvent, the crude product was purified by semi-preparative reversed-phase HPLC, yielding the expected vitamin B12–platinum(II) conjugates in moderate to good yields (B12-Pt1: 60%; B12-Pt2: 52%). The composition of the final compounds was confirmed by HRMS, which returned the peaks of [M-NO3]+ (calcd. 1843.6750 m/z) and [M-NO3 + H]2+ (calcd. 922.3411 m/z) at 1843.6679/922.3399 m/z and 1843.6763/922.3437 m/z for B12-Pt1 and B12-Pt2, respectively.



As previously discussed, the starting platinum(II) complex Pt1 was actually a ca. 2.5:1 mixture of RN-Pt1 and SN-Pt1 epimers. Upon reaction with vitamin B12, indeed, some NMR signals assignable to two different stereoisomers (namely B12-(RN)-Pt1 and B12-(SN)-Pt1) were observed, and a ratio of ca. 2.1:1 in CD3OD could be estimated by 1H NMR spectroscopy. However, the elucidation of the absolute configuration around the chiral amino nitrogen atom could not be achieved in solution due to the complexity of the NMR spectra and the major overlapping of the signals. Analogous results were obtained for the vitamin B12–platinum(II) conjugate B12-Pt2, for which a B12-(SN)-Pt2:B12-(RN)-Pt2 ratio of ca. 2.5:1 was also detected.



A detailed analysis of the 1H NMR, [1H,1H] COSY, 13C{1H} NMR, and [1H,13C] HSQC spectra of the cyanocobalamin–metal conjugates supported the proposed structures (see Supplementary Materials for details). Overall, the NMR spectra of both B12-Pt1 and B12-Pt2 appeared as superimpositions of the spectra of the starting reagents vitamin B12 and Pt1/Pt2, with the only significant changes being observed for the 13C signals of the groups in the closest proximity of the newly formed CoCN–Pt bond. For example, with reference to Figure 6, showing a comparison of the 13C{1H} NMR spectra of cyanocobalamin, Pt1 and the corresponding conjugate B12-Pt1 in the range of 40–190 ppm, the major chemical shift changes were recorded for C1Pt (from 171.6 to 178.0 ppm) and C2Pt (from 75.1 to 76.4 ppm) of the carbon atoms of the amino-oxime ligand directly attached to the nitrogen donors coordinated to the platinum(II) ion, which reflect a change in the coordination sphere around the platinum(II) center. Remarkably, the major shift was recorded for the CN peak, which moved downfield from 112.4 ppm in the free cyanocobalamin to 124.3 ppm in the corresponding platinum(II) conjugate, which is consistent with the presence of a bridged cyano moiety between the Co(III) and Pt(II) centers [52,53]. All of the other 13C peaks remained substantially unchanged, with the exception of a small downfield shift (approximately 1 ppm) for the C26H2, C1, and C4 signals of vitamin B12. Remarkably, such groups all belong to the top-left quadrant of the corrin ring of cyanocobalamin, suggesting some sort of spatial proximity of the amino-oxime scaffold of the platinum(II) complex to that specific area of vitamin B12, although this could only be confirmed through an X-ray structure. Interestingly, in the 31P{1H} NMR spectra, only one peak at −0.1 (B12-Pt1)/−0.2 (B12-Pt2) ppm (assigned to the phosphate group of vitamin B12 and normally found at 0.3 ppm for the starting cyanocobalamin) was recorded, indicating that the presence of either platinum(II) epimer would not affect the 31P resonances.



Once again, IR spectroscopy proved to be useful to confirm the generation of the expected compounds, with the most informative band being the C≡N stretching vibration. The presence of a cyano bridge between two transition metal ions is generally accompanied by a shift of the ν(C≡N) to higher wavenumbers compared with the terminal metal–CN counterpart, although exceptions have been reported [54]. This experimental evidence is usually ascribed to the limited mobility of the bridging cyano group due to the mechanical constraint caused by the attachment of a second metal center to the N-terminus, although the involvement of electrostatic factors cannot be ruled out, and there is evidence that such increase may originate from the depletion of electron density in the weakly antibonding highest occupied molecular orbital (HOMO) of the –CN– moiety because of the σ-donating action of the nitrogen end of the cyano ligand towards the second metal center [55]. The involvement of the nitrogen lone pair of the cyano group (mostly residing in the CN antibonding HOMO) in the formation of a CN–Pt(II) bond would induce a withdrawal of charge from the nitrogen to the Pt(II) center. Therefore, the strength of the C≡N bond would increase, and that of the Co(III)–C bond would decrease. Thus, compared with the terminal cyano group of vitamin B12, the ν(C≡N) and the ν(Co(III)–CN) in the cyano-bridged dinuclear complex would be recorded at higher and lower energies, respectively. Accordingly, in the mid-IR spectra of both B12-Pt1 and B12-Pt2, the ν(C≡N) band was recorded at 2197 and 2206 cm−1, respectively, showing a large shift to higher wavenumbers with respect to the same vibration recorded for the starting cyanocobalamin at 2138 cm−1 [56,57,58]. The remaining bands substantially resembled those recorded in the same range for the starting reagents vitamin B12, Pt1, and Pt2, with the only exception of two new bands recorded at ca. 1400 and 835 cm−1 being assigned to νa(NO3−) and w(NO3−), respectively [59], which confirmed the presence of the nitrate counter-ion (Figure 7).



The bands recorded in the far-IR range (Figure 8) could only be tentatively assigned on the basis of the little data available in the literature, as well as by comparison with the far-IR spectra of the starting platinum(II) complexes Pt1 and Pt2 (see, for example, Figure 4). The most interesting aspect relates to the ν(Co–CN) vibration, which appears at lower wavelengths (ca. 392 cm−1) in B12-Pt1/B12-Pt2 compared with the same vibration in free cyanocobalamin (409 cm−1), which is in agreement with what was previously discussed in terms of the decrease in strength in the Co(III)–C bond upon the formation of the bridging Co(III)–CN–Pt(II) scaffold [57,58]. Additionally, a new band recorded in the spectra of B12-Pt1 and B12-Pt2 at ca. 435 cm−1 was assigned to the ν(Pt–NC) vibration [57,60].




2.1.4. Fluorescent Vitamin B12–Platinum(II) Derivatives


The target fluorescent vitamin B12–platinum(II) derivatives were obtained as previously described in Section 2.1.3. As shown in Scheme 5, the metal precursor (either Pt1 or Pt2) was first treated with 1 eq. of AgNO3, the insoluble residue AgCl was filtered off, and the resulting filtrate was reacted with 0.5 eq. of vitamin B12 at 37 °C in the dark for four days. The solvent was then evaporated under reduced pressure, and the crude product was purified by semi-preparative reversed-phase HPLC, yielding the expected fluorescent vitamin B12–platinum(II) conjugates in low to moderate yields (R6G*-B12-Pt1: 45%; R6G*-B12-Pt2: 37%). The composition of the final compounds was confirmed by HRMS, which returned the peaks of [M-NO3 + H]2+ (calcd. 1190.4815 m/z) and [M-NO3 + 2H]3+ (calcd. 793.9901 m/z) at 1189.9517/793.6382 m/z and 1190.4873/793.9953 m/z for R6G*-B12-Pt1 and R6G*-B12-Pt2, respectively.



The IR and NMR spectra of the R6G*-B12-Pt1 and R6G*-B12-Pt2 derivatives consistently matched the combined spectra of the starting reagents R6G*-B12 and B12-Pt1/2, showing the same spectroscopic features that were previously discussed for the non-fluorescent cyanocobalamin–platinum(II) analogues with very minor deviations (see Section 2.1.3 and Supplementary Materials for details). In particular, in their respective mid-IR spectra, both presented the ν(C≡N) vibration band at ca. 2200 cm−1 (R6G*-B12-Pt1: 2197 cm−1; R6G*-B12-Pt2: 2199 cm−1) and a 13C NMR signal at ca. 125 ppm (R6G*-B12-Pt1: 125.4 ppm; R6G*-B12-Pt2: 124.0 ppm) originated from the CN group, which was consistent with the successful coordination of the cyano moiety of vitamin B12 to the platinum(II) scaffolds. Moreover, notwithstanding the complexity of the spectra, performing 1H NMR spectroscopy in CD3OD allowed the rough estimate of a 2.5:1 RN:SN ratio for R6G*-B12-Pt1 and a 2.1:1 SN:RN ratio for R6G*-B12-Pt2 obtained.





2.2. Fluorescence Measurements


The absorption and emission spectra of the ligands and the corresponding platinum(II) derivatives are reported in the Supplementary Materials, whereas their optical properties are summarized in Table 1.



2.2.1. Fluorescence Properties of Vitamin B12


Vitamin B12 is a typical example of a poorly fluorescent biomolecule, showing low intensity emission in the long wavelength region. Several methods have been reported to date to identify, quantify, and track cyanocobalamin, including optical spectroscopy, chemiluminescence, surface plasmon resonance, Raman spectroscopy, as well as absorption and fluorescence spectroscopy [61]. Although vitamin B12 is an inadequate luminescent species, its presence in solution can be detected indirectly through interaction with light-emitting molecules, such as acridine orange, rhodamine 6G, and 4-N,N-di(2-hydroxyethyl)imino-7-nitrobenzo-2-oxa-1,3-diazole (HINBD) [62,63]. In all cases, vitamin B12 has been shown to quench the fluorescence of the object fluorophores, thus allowing its indirect detection by fluorescence-based analytical techniques.



Both the absorption and emission spectra of vitamin B12 were obtained in DMSO. Peaks recorded at 279, 304, 338, and 388 (maximum intensity) nm are generally assigned to π→π* electronic transitions arising from the corrin ring [64]. Upon the excitation of the sample at 388 nm, the scanning of the region from 400 to 700 nm revealed the weak emission spectral profile of cyanocobalamin. Although the same transitions are the most favorable for both absorption and emission processes, the fluorescence spectrum of vitamin B12 does not adhere to the mirror image rule, which is valid only if referred to S0→S1 (absorption) and S1→S0 (emission) transitions. This is consistent with the fact that, although being the most intense, the absorption band at 388 nm (λex) does not refer to one S0→S1 electronic transition [65]. Accordingly, in the emission spectrum of vitamin B12, only a broad band with a maximum at 433 nm (    λ   m a x   e m    ) and a very low intensity band at 578 nm are recorded, accounting for a Stokes shift value of 45 nm.




2.2.2. Fluorescence Properties of Rhodamine 6G and its Vitamin B12 Conjugate


Although vitamin B12 itself has poor photophysical properties (small Stokes shift, low quantum yield, and a tendency to self-quenching) [66], its essential biological role and involvement in diseases such as cancer have been triggering major interest in the development of analytical approaches aimed at probing its trafficking. In particular, fluorescent cobalamin analogues have been designed, in which suitable fluorophores are attached to cyanocobalamin [67]. As previously anticipated, one way to make vitamin B12 fluorescent is to functionalize it at the 5′-site of its ribose unit with suitable fluorophores. Amongst others, rhodamine 6G (R6G) is widely used as dye for fluorescence probes. In aqueous solutions, it shows S0→S1 absorption in the 500–550 nm region (    λ   m a x   e x     ≈ 530 nm) and its fluorescence ranges from 550 to 590 nm (    λ   m a x   e m     ≈ 565 nm) [68]. Its remarkably high photostability, high fluorescence quantum yield (0.95), and low cost make it one of the most used fluorescent dyes for a number of applications [69,70,71].



Rhodamine 6G is the ethyl-esterified derivative of rhodamine 10, and it was developed in such a way to prevent cyclization between the carboxyl function and the xanthene carbon atom C9, thus providing remarkable photostability in a wide range of experimental conditions [72], although its sensitivity to pH changes as its fluorescence intensity decreases under acidic conditions [73]. In order to establish a reference point for the subsequent measurements, the absorption and emission spectra of the starting rhodamine 6G were recorded in DMSO. The S0→S1 absorption was observed at     λ   m a x   e x     = 544 nm, and upon the excitation of the sample at 544 nm, a maximum emission band was recorded at     λ   m a x   e m     = 563 nm, which is in agreement with the data in the literature [74].



As discussed in Section 2.1.1, the rationale of inserting a rigid linker (i.e., a cyclohexane ring) connecting rhodamine 6G and cyanocobalamin relies on the attempt to orient the former away from the corrin ring of cobalamin to minimize through-space intramolecular interactions that would cause fluorescence quenching due to the overlap of the electronic orbital of cobalamin and the excited state of the fluorophore. In our case, this led to the generation of the rhodamine 6G-trans-1,4-diaminocyclohexane intermediate (R6G*, Scheme 1) whose absorption and emission spectra are reported in the Supplementary Materials. Remarkably, the fluorescence profile of R6G* looks completely different with respect to the starting rhodamine 6G. Three distinct sets of absorptions were recorded at 287, 326 (maximum intensity), and 381 nm. Upon the excitation of the sample at 326 nm, two emission bands were observed at 478 and 565 (    λ   m a x   e m    ) nm. Such a major difference may be attributed to the cyclization occurring between the amide nitrogen atom (arising from the one end of the trans-1,4-diaminocyclohexane linker bound to the 2′-carbonyl function of rhodamine) and the xanthene carbon atom C9, leading to the generation of the corresponding lactam (as confirmed by the X-ray structure reported in Figure 3) [75].



Further changes were observed upon conjugating R6G* to vitamin B12 to generate the fluorescent vitamin B12 intermediate R6G*-B12 (Scheme 2), for which absorption and emission maxima were recorded at 306 and 414 nm, respectively. Interestingly, this experimental evidence is not consistent with the data reported in the literature for the (alleged) same conjugate (in ethanol:     λ   m a x   e x     = 530 nm;     λ   m a x   e m     = 5554 nm) [28].




2.2.3. Fluorescence Properties of the Vitamin B12–Platinum(II) Derivatives


Both the model and rhodamine 6G-functionalized vitamin B12–platinum(II) complexes were studied for their fluorescence profiles, and their optical properties are summarized in Table 1.



The overall absorption/emission profile of vitamin B12 is substantially maintained in complexes B12-Pt1 and B12-Pt2, although a substantial shift to shorter wavelengths is observed for both     λ   m a x   e x     (from 388 to 367/368 nm) and     λ   m a x   e m     (from 433 to 416/413 nm) due to the coordination of the platinum(II) scaffolds to the cyano group of vitamin B12. In contrast, complexes R6G*-B12-Pt1 and R6G*-B12-Pt2 exhibit emission maxima at 412/414 nm (    λ   m a x   e x     = 307/304 nm), which are fully consistent with the same bands recorded for the fluorescent intermediate R6G*-B12, which is indicative of the fact that the coordination of platinum(II) scaffolds does not affect the fluorescence properties of the fluorophore.





2.3. Lipophilicity Studies (log D7.4)


Lipophilicity is normally expressed as the partition (P) or distribution (D) coefficient of a substance between two non-miscible phases, mimicking the lipid bilayer of the cell membrane and extra/intracellular environment. In particular, the n-octanol/PBS distribution coefficient (D7.4, defined as the ratio of the molar concentrations of a compound in the n-octanol phase and in an aqueous medium phase at pH 7.4) is commonly acknowledged as a representative indication of the distribution under physiological conditions [76]. Log D7.4 is one of the key physiochemical properties to consider in drug discovery because it is related to the bioavailability of a substance [77].



Accordingly, the distribution coefficient of all of the vitamin B12–platinum(II) complexes was calculated using the shake-flask method in which an aqueous solution (phosphate-buffered saline (PBS) solution at pH 7.4) of each tested compound (pre-dissolved in a minimum amount of DMSO which did not interfere with the final estimation of lipophilicity) was mixed with a non-miscible organic solvent (n-octanol) and shaken mechanically [78]. Eventually, the two phases were separated by centrifugation, and the concentration of each individual vitamin B12–platinum(II) conjugate was derived by measuring the absorbance at 361 nm after partitioning, which allowed the calculation of the respective log D7.4 values.



As summarized in Table 2, the model vitamin B12–platinum(II) complexes B12-Pt1 and B12-Pt2 tend to distribute more in the aqueous phase rather than in octanol. In contrast, their fluorescent counterparts, R6G*-B12-Pt1 and R6G*-B12-Pt2, show positive log D7.4 values and, thus, greater lipophilicity. This is consistent with the fact that the conjugation of the rhodamine 6G-trans-1,4-diaminocyclohexane scaffold R6G* (which is expected to be less hydrophilic in the lactam form than in its native non-cyclic form) increases the overall lipophilicity of the target cyanocobalamin–metal conjugates. In perspective, such lipophilic nature of R6G*-B12-Pt1 and R6G*-B12-Pt2 might indicate that their cell internalization by passive diffusion could not be ruled out.




2.4. In Vitro Biological Studies


2.4.1. Confocal Microscopy


The cell internalization of the tested compounds was evaluated by confocal microscopy. The intracellular accumulation of red fluorescence originating from the vitamin B12–platinum(II) conjugates R6G*-B12-Pt1/2 and the starting fluorophore R6G was evident after PC-3 cells incubation for 24 h at 37 °C (Figure 9). After 72 h, the bright emission of metal derivatives and rhodamine 6G was detected throughout the cells, but no significant co-localization with the blue luminescence of Hoechst (a nucleus dye) was observed, which either means the compounds did not enter the nucleus or their emission was quenched there.



Since cyanocobalamin is taken up by cells following a temperature-dependent endocytosis process of the TCII-B12 complex (holo-TCII) [79], we qualitatively evaluated whether the vitamin B12–platinum(II) conjugates would also be internalized through an energy-dependent mechanism. Notably, the confocal microscopy images of both metal conjugates possess a granular pattern reminiscent of vesicles that are widely distributed in cells. Since energy-dependent pathways, such as endocytosis, are inhibited at low temperatures [80], cultured PC-3 cells were incubated with R6G*-B12-Pt1 at 37 °C and 4 °C for 3 h. The confocal microscopy images showed red emissions in the cytoplasmic region due to metal conjugates only for the experiment carried out at 37 °C (Figure 10), supporting the hypothesis of the involvement of an energy-dependent pathway taking place for the uptake of fluorescent vitamin B12–platinum(II) complexes.




2.4.2. Antiproliferative Activity


The capability of the starting platinum(II) complexes (Pt1 and Pt2) and their vitamin B12 conjugates, both non-fluorescent (B12-Pt1 and B12-Pt2) and fluorescent (R6G*-B12-Pt1 and R6G*-B12-Pt2), to inhibit cell growth was assayed on three human tumor cell lines, namely prostate cancer (PC-3), cervical carcinoma (HeLa), and breast adenocarcinoma (MCF-7) cells, they are obtained from the American Type Culture Collection (Manassas, VA). As the first clinically approved anticancer metallodrug, cisplatin was also evaluated as a reference under the same experimental conditions for comparison purposes, as well as the starting reagents vitamin B12 and rhodamine 6G. Antiproliferative data, expressed as IC50 values calculated as the mean of at least three independent experiments, are reported in Table 3.



The starting platinum(II) complexes Pt1 and Pt2 exhibited no (HeLa and MCF-7) or negligible (PC-3) cytotoxic activity, and conjugation to vitamin B12 did not enhance their antiproliferative profiles.



In agreement with the reports in the literature, rhodamine 6G (R6G) proved to be highly cytotoxic against the tested cell lines (IC50 ≈ 1–2 μM) [81,82], and a similar profile was maintained upon the combined treatment of the cells with equimolar amounts of B12-Pt1 and R6G (IC50 ≈ 1–5 μM). However, the rhodamine-functionalized analogues R6G*-B12-Pt1 and R6G*-B12-Pt2 only showed some (albeit limited and much lower than cisplatin) antiproliferative activity, with IC50 values in the 40–70 μM range, and no significant variations were generally observed for the different epimers of the metal scaffold. It can be speculated that the comparatively more lipophilic nature of the fluorescent cyanocobalamin–platinum(II) conjugates (Table 2) would promote cellular uptake via passive diffusion [83]. On the other hand, since the cytotoxicity data are substantially different from those of the non-fluorescent counterparts B12-Pt1 and B12-Pt2, the cleavage of the vitamin B12–rhodamine bond and the subsequent release of the free rhodamine scaffold can be confidently ruled out.




2.4.3. Cell Cycle Assay


The dysregulation of the cell cycle is a hallmark of tumorigenesis [84]. Therefore, the effect on the cell cycle exerted by R6G*-B12-Pt1 and R6G*-B12-Pt2 was assessed. PC-3 cells were incubated for 72 h at IC50/2 concentrations of the chosen compounds, and the DNA content was analyzed by flow cytometry after staining with propidium iodide. Rhodamine 6G and cisplatin were also tested under the same experimental conditions for comparison purposes.



The results reported in Figure 11 show no significant changes in the cell cycle populations after exposure to the vitamin B12–platinum(II) conjugates, which is consistent with their moderate cytotoxicity (Table 3). In contrast, cisplatin dramatically affected cell distribution in the S phase, in which DNA synthesis takes place, which is in agreement with the data in the literature [85]. Interestingly, rhodamine 6G (R6G), a well-known inhibitor of mitochondrial oxidative phosphorylation [86], does not alter the cell cycle population, pointing to a cell death mechanism that is essentially distinct from that of cisplatin.




2.4.4. DNA Interaction


Since DNA is an established cellular target of platinum(II) complexes [87], preliminary evaluations of the interaction between the full set of vitamin B12–platinum(II) conjugates and DNA were performed in vitro by means of equilibrium dialysis and FRET-based DNA melting assays.



Equilibrium dialysis assays with CT DNA and B12-Pt1, B12-Pt2, R6G*-B12-Pt1, and R6G*-B12-Pt2 derivatives were carried out to assess their binding affinity towards double-stranded DNA. Apparent association constants (Kapp) were determined after 24 h of incubation at room temperature at a near physiological pH following the protocol described by Chaires [88] with some modifications (see Supplementary Materials for details). The association constants obtained for all vitamin B12 conjugates are in the order of 104 M−1: 2.6 ± 0.2 (B12-Pt1), 2.0 ± 0.3 (B12-Pt2), 4.1 ± 0.3 (R6G*-B12-Pt1), and 2.6 ± 0.1 (R6G*-B12-Pt2). This indicates that all platinum conjugates bind dsDNA with moderate binding affinity, which is in agreement with the results previously reported for some Pd(II) structural analogues [38]. In addition, conjugation with R6G* does not interfere with DNA recognition. As a matter of fact, the DNA binding affinities of the fluorescent conjugates turned out to be slightly higher than those of the non-fluorescent counterparts, especially in the case of R6G*-B12-Pt1.



FRET-based DNA melting assays were performed to identify the occurrence of stabilizing or destabilizing effects on the double-helix DNA secondary structure. The binding of B12-Pt1, B12-Pt2, R6G*-B12-Pt1, and R6G*-B12-Pt2 to duplex-forming, dual-labeled (5′-FAM and 3′-TAMRA) short oligonucleotide F10T was evaluated using a wide range of ligand/DNA molar ratios (see Supplementary Materials for details). Under the experimental conditions used, the compounds showed negligible thermal stabilization effects over the annealed structures, which is consistent with a binding mode that might involve a combination of groove and/or electrostatic interactions (see Supplementary Materials, page S69, panel A). Interestingly, when the denatured DNA was allowed to fold in the presence of vitamin B12 conjugates, subtle thermal destabilizing effects were recorded at higher ligand/DNA molar ratios, with ΔTm = −1 °C for compounds B12-Pt1 and B12-Pt2 and ΔTm = −3 °C for compounds R6G*-B12-Pt1 and R6G*-B12-Pt2 (see Supplementary Materials, page S69, panel B). This effect was more pronounced when parallel DNA folding experiments were carried out in a buffer system depleted of chloride ions: ΔTm = −4 °C was observed for B12-Pt1, R6G*-B12-Pt1, and R6G*-B12-Pt2, whereas the non-fluorescent conjugate B12-Pt2 induced a DNA ΔTm = −6 °C (see Supplementary Materials, page S69, panel C), presumably because the coordination of the platinum(II) center to the purine-N(7) of adenine or guanine bases is hastened and the thermal stability of F10T is reduced under such conditions.






3. Materials and Methods


Materials, general methods (including instrumentation used), synthetic procedures, complete spectroscopic characterizations (including MS, IR, NMR, and absorption/emission spectra), and crystallographic data are detailed in the Supplementary Materials.




4. Conclusions


The goal of the research work reported here was to design fluorescent vitamin B12—metal conjugates as theranostic anticancer agents with a focus on their potential targeting capability due to the increased demand for vitamin B12 by fast-proliferating cancer cells in order to attain tumor selectivity. Four novel cyanocobalamin–platinum(II) derivatives were successfully generated in low-to-medium yields and high purity. All synthesized compounds (including precursors, intermediates, and target metal derivatives) were characterized by means of several analytical techniques, and the results were fully consistent with the expected formulation. The functionalization of vitamin B12 with a rhodamine-based scaffold yielded fluorescent derivatives (R6G*-B12-Pt1/2) showing markedly different emission profiles compared with the starting fluorescent probe rhodamine 6G, as well as with the non-fluorescent model vitamin B12–platinum(II) counterparts (B12-Pt1/2).



The in vitro cytotoxicity was evaluated towards three human tumor cell lines (namely PC-3, HeLa and MCF-7). Although exhibiting low antiproliferative activity (IC50 = 40–70 μM), both R6G*-B12-Pt1 and R6G*-B12-Pt2 showed an enhanced capability to inhibit cells viability compared with the inactive (IC50 >100 μM) precursors Pt1/2 and B12-Pt1/2, which is possibly due to their higher lipophilicity (promoted by the functionalization of cyanocobalamin with the rhodamine scaffold), which would favor cellular uptake through passive diffusion mechanisms.



In order to gain insights into their mechanism of action, R6G*-B12-Pt1/2 were subjected to additional biological evaluations. No significant changes in cell cycle populations were recorded after exposure to such vitamin B12–platinum(II) conjugates, which is consistent with their moderate cytotoxicity. However, confocal microscopy experiments clearly confirmed that both complexes are indeed internalized into the cells and tend to accumulate in the cytoplasmic region. Remarkably, such accumulation could be observed only at 37 °C but not at a low (4 °C) temperature, indicating that an energy-dependent pathway is involved in the cell uptake of the target fluorescent vitamin B12–platinum(II) complexes.



The interaction of R6G*-B12-Pt1/2 with DNA was preliminarily assessed by equilibrium dialysis and FRET-based DNA melting assays. The vitamin B12–platinum(II) conjugates were found to bind CT DNA with apparent association constants of 4.1 ± 0.3 × 104 (R6G*-B12-Pt1) and 2.6 ± 0.1 × 104 M−1 (R6G*-B12-Pt2), showing a slightly higher binding affinity than the analogues lacking the fluorescent probe rhodamine 6G. In addition, none of the conjugates were proven to thermally stabilize dsDNA, which is consistent with a binding mode that may involve groove recognition and/or electrostatic interactions. However, mild destabilizing effects were observed during the DNA annealing process at high ligand/DNA ratios, especially under chloride ions depletion, which is in agreement with the structural characteristics of the conjugates and the presence of reactive Pt–Cl bonds.



Although further in-depth studies are required to confirm the hypothesized transport mechanism and to assess additional possible biological targets, the research reported here represents a starting point for the development of this class of fluorescent vitamin B12–metal conjugates. Future experiments would include the determination of their fluorescence quantum yield (using rhodamine 6G as a reference) and antiproliferative tests in the presence of specific transport proteins (e.g., Transcobalamin II) in order verify whether this would facilitate their cell internalization and, thus, improve cytotoxicity.
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Figure 1. Structure (left) and schematic representation (right) of vitamin B12 (cyanocobalamin). 
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Figure 2. General design of the target fluorescent vitamin B12–metallodrug conjugates [FLUO–B12–{M}] reported here (FLUO = fluorophore; {M} = metal-based scaffold). 
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Scheme 1. Synthesis of trans-1,4-diaminocyclohexane-functionalized rhodamine 6G (R6G*). 
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Figure 3. Molecular structure with atom numbering scheme of trans-1,4-diaminocyclohexane-functionalized rhodamine 6G precursor (R6G*, CCDC 2321413). Thermal ellipsoids are depicted at 50% probability level, and hydrogen atoms bonded to carbon atoms are omitted for clarity (see Supplementary Materials for details). 
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Scheme 2. Synthesis of the fluorescent vitamin B12 intermediate R6G*-B12. 
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Scheme 3. Synthesis of amino-oxime platinum(II) complexes RN-/SN-Pt1 and SN-/RN-Pt2. 
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Figure 4. Comparison of the far-IR spectra in CsI of the platinum(II) complex Pt1 (top) and the free ligand L1 (bottom). 
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Figure 5. Molecular structure with atom numbering scheme of RN-Pt1 (CCDC 2321414). Thermal ellipsoids are depicted at 50% probability level, and hydrogen atoms bonded to carbon atoms are omitted for clarity (see Supplementary Materials for details). 
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Scheme 4. Synthesis of non-fluorescent vitamin B12–platinum(II) complexes B12-Pt1 and B12-Pt2. 
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Figure 6. Comparison of the 13C{1H} NMR spectra in CD3OD of Pt1 (bottom), the corresponding vitamin B12–platinum(II) conjugate B12-Pt1 (middle), and vitamin B12 (top) in the range of 40–190 ppm. 
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Figure 7. Comparison of the mid-IR spectra in CsI of vitamin B12 (bottom) and the corresponding platinum(II) conjugates B12-Pt1 (middle) and B12-Pt2 (top). 
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Figure 8. Comparison of the far-IR spectra in CsI of vitamin B12 (bottom) and the corresponding platinum(II) conjugates B12-Pt1 (middle) and B12-Pt2 (top). 
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Scheme 5. Synthesis of the target fluorescent vitamin B12–platinum(II) complexes R6G*-B12-Pt1 and R6G*-B12-Pt2. 
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Figure 9. Confocal microscopy images of PC-3 cells incubated with either R6G*-B12-Pt1, R6G*-B12-Pt2, or R6G (10 μM) for 24 and 72 h at 37 °C after excitation at 563 nm. 
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Figure 10. Confocal microscopy images of PC-3 cells incubated with R6G*-B12-Pt1 (200 μM) for 3 h at 4 °C and 37 °C after excitation at 563 nm. 
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Figure 11. Cell cycle distribution of PC-3 cells after incubation for 72 h with either R6G (0.5 μM), cisplatin (14.5 μM), R6G*-B12-Pt1 (38.6 μM), or R6G*-B12-Pt2 (36.5 μM). Results are reported as percentage of cells in each phase of cycle compared to untreated control cells. Data are shown as means ± S.D. of four independent experiments ** p < 0.01; *** p < 0.001 vs. control. 
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Table 1. Fluorescence data of vitamin B12–platinum(II) derivatives B12-Pt1, B12-Pt2, R6G*-B12-Pt1, and R6G*-B12-Pt2 25 μM in DMSO.
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	Compound
	     λ   m a x   e x      (nm)
	     λ   m a x   e m      (nm)
	Stokes Shift (nm)





	vitamin B12
	388
	433
	45



	B12-Pt1
	367
	416
	49



	B12-Pt2
	368
	413
	45



	R6G
	543
	567
	24



	R6G*
	326
	563
	237



	R6G*-B12
	306
	420
	114



	R6G*-B12-Pt1
	307
	412
	105



	R6G*-B12-Pt2
	304
	414
	110










 





Table 2. Log D7.4 (n-octanol/PBS) values calculated for vitamin B12–platinum(II) derivatives B12-Pt1, B12-Pt2, R6G*-B12-Pt1, and R6G*-B12-Pt2.
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	Compound
	Log D7.4 ± S.D.





	B12-Pt1
	−0.81 ± 0.04



	B12-Pt2
	−0.78 ± 0.05



	R6G*-B12-Pt1
	0.52 ± 0.01



	R6G*-B12-Pt2
	0.50 ± 0.02










 





Table 3. Cell growth inhibition data after 72 h of incubation.
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Compound

	
IC50 ± S.D. (μM)




	
PC-3

	
HeLa

	
MCF-7






	
vitamin B12

	
no convergence

	
no convergence

	
no convergence




	
R6G

	
1.11 ± 1.09

	
1.95 ± 1.09

	
1.62 ± 1.22




	
Pt1

	
85.9 ± 19.3

	
>100

	
>100




	
Pt2

	
86.8 ± 4.5

	
>100

	
>100




	
B12-Pt1

	
>100

	
>100

	
>100




	
B12-Pt2

	
>100

	
>100

	
>100




	
R6G*-B12-Pt1

	
47.9 ± 1.0

	
77.2 ± 1.0

	
70.3 ± 1.0




	
R6G*-B12-Pt2

	
42.7 ± 1.0

	
73.1 ± 1.0

	
58.1 ± 1.0




	
B12-Pt1 + R6G

	
2.58 ± 1.15

	
4.85 ± 1.10

	
0.80 ± 1.00




	
cisplatin

	
16.5 ± 1.1

	
14.5 ± 2.5

	
9.80 ± 0.96
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