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Abstract

We report the synthesis, characterization, and in vivo evaluation of the anticancer activity of a
series of 5- and 6-(halomethyl)-2,2'-bipyridine rhenium tricarbonyl complexes. The study was
promoted in order to understand if the presence and position of a reactive halomethyl
substituent on the diimine ligand system of fac-[Re(CO)s3]" species may be a key molecular
feature for the design of active and non-toxic anticancer agents. Only compounds potentially
able of ligand-based alkylating reactions show significant antiproliferative activity against
colorectal and pancreatic cell lines. The anticancer potency of the species, does not correlate
with the hydrolysis rate or rate of reaction of the coordinated 5- and 6-(halomethyl)-2,2'-
bipyridine with the amino acid lysine. Of the new species presented in this study, one
compound (5-(chloromethyl)-2,2"-bipyridine derivative) shows significant inhibition of
pancreatic tumour growth in vivo in zebrafish-Panc-1 xenografts. The complex is noticeably
effective at 8 uM concentration, lower than its in vitro ICso values, being also capable of

inhibiting in vivo cancer cells dissemination.
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1. Introduction

Cisplatin is well known for being the first metallodrug for treatment of neoplastic diseases [1],
but after gaining clinical success, its use was limited due to the emergence of side effects
(e.g., inherent nephrotoxicity and ototoxicity). The discovery of cisplatin, however, has
ignited a thriving field of research, with several medicinal inorganic chemists now exploring
the potential anticancer efficacy of other transition metal species. Classic platinum(II) and
new platinum(IV) complexes still dominate the literature [2] with ruthenium, copper and gold
being other prominent examples [3-5]. Rhenium(I) tricarbonyl complexes are amongst the
least explored in the field, but in the last decade have gained significant attention due to their
unique and promising properties, which include high stability, low toxicity and rich
spectroscopic and luminescent features. The surprising number of recent reviews [6-15] on
the anticancer potential of Re species corroborates the interest around such complexes.

Apart from the constant fac-[Re(CO)s3]" core, little is known about what molecular features
may be commonly required for an active compound. An examination of the published
contributions in the field, generally indicates that the cytotoxicity of Re(I) tricarbonyl
complexes positively correlates with lipophilic properties of the species [16-20], which is
associated with an improved passive cellular uptake. Different Re(I) tricarbonyl molecules
possessing neoplastic activities (often with in vitro anti-proliferative potency higher than
cisplatin [14]) act by different mechanisms of action, including mitochondrial [21-25] or
enzymatic inhibition [26], DNA interaction [27-30] or endoplasmic reticulum (ER) stress
[31]. Of the different complexes published to date, a few molecules are, in our view, of
particular interest, because they have been studied in more details in vivo. These are the
tricarbonyl rhenium isonitrile polypyridyl (TRIP) complex of Wilson ef al., the diseleno-ether
compound of Collery et al. (diSe-Re in Chart 1) and the the N-heterocylic carbene complex
(NHC-Re, Chart 1) of Falasca et al.

TRIP exhibits potent in vitro anticancer activity in a variety of cell lines (ICso value 1.4—-1.9
uM) and acts by triggering the accumulation of misfolded proteins, which causes endoplasmic
reticulum (ER) stress, unfolded protein response, and apoptotic cell death in addition to
mitochondrial fission [31]. The compound remains intact in vitro as demonstrated by x-ray
fluorescence microscopy (XFM) [32], and when administered in NSG mice bearing A2780
ovarian cancer xenografts (20 mg/kg twice weekly), it is able to inhibit tumor growth and
prolong mouse survival by 150% compared to control [33]. DiSe-Re exhibits activities against
several solid tumor cell lines [34] and a potent inhibitory effect on breast cancer MDA-

MB231 cell division [35]. Moreover, diSe-Re promotes in vivo (10 mg/kg/d) a remarkable
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reduction of tumors volume in mice-bearing a MDA-MB231 Luc+ xenografts and pulmonary
metastases without signs of clinical toxicity [35]. The compound acts as an anti-oxidant agent
(decreasing ROS production) and significantly decreases the levels of the transforming
growth factor beta 1 (TGF- B1), vascular endothelial growth factor A (VEGF-A) and insulin-
like growth factor 1 (IGF-1) [36, 37]. NHC-Re shows low uM activity against pancreatic
cancer cell lines where it induces cell cycle arrest at the G2/M phase by inhibiting the
phosphorylation of Aurora-A kinase [38], and blocks growth of aggressive cancers in vivo

(mice bearing HPAF-II human pancreatic cancer xenografts) by inhibiting FGFR- and SRC-
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Chart 1. Selected structures of anticancer Re complexes evaluated in vivo.

We have also been interested in the development of antibiotic [40] and anticancer rhenium
species [41]. In a recent study, we have reported the anti-proliferative efficacy of a series of
fac-[Re(I)(CO)3]" N-derivatized N-([2,2’-bipyridin]-6-ylmethyl)-species against colorectal
carcinoma (CRC) and identified complex 1 (Chart 1) as a potent in vivo (zebrafish xenograft
model of human CRC) anticancer, anti-angiogenic and antimetastatic compound [42]. In vivo,
compound 1 (1-3 uM concentration) is more potent than clinical drugs, such as cisplatin and
sunitinib malate, and shows no signs of clinical toxicity (cardio-, hepato- , and myelotoxicity)
at high concentrations (i.e., 250 uM).

The identification of 1 amongst a series of related species, made us wonder if the presence

and position of a reactive halomethyl substituent on the diimine ligand system of fac-
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[Re(CO)3]" core may be a/the key molecular feature for the activity of 1 and for design of
similar active and non-toxic anticancer agents. After all, 1 is of a relatively simple design, not
dissimilar from other diimine rhenium compounds that, however, do not appear to be as
promising as 1, and the presence of the reactive halomethyl substituent is the unique feature
of 1 in the series of compounds investigated. To this end, we have prepared a small library of
5- and 6-(halomethyl)-2,2"-bipyridine rhenium tricarbonyl complexes, and evaluated in vivo
their anticancer activity against pancreatic and CRC tumors. Of the new species presented in
this study, only one compound (5-(chloromethyl)-2,2'-bipyridine derivative) shows significant
inhibition of pancreatic tumour growth in zebrafish-Panc-1 xenografts. The complex is also
capable of inhibiting in vivo cancer cells dissemination, but it does not surpass the genuine

potential of 1. We describe our findings in the following sections.
2. Results and discussion

2.1. Chemistry

Ligands and rhenium complexes 1-10 were prepared according to the synthetic protocols
illustrated in Scheme 1. The 2,2'-bipyridine derivatives were obtained via the well-established
Pd-catalyzed Stille’s C-C coupling reaction [43], starting from commercially available
reagents. The 5- and 6-(difluoromethyl)-2,2'-bipyridines (Ls and Lio in Scheme 1) were
obtained in a single step in moderate yields of 17 % and 38 % respectively. Similarly [2,2'-
bipyridin]-5- and 6-ylmethanol (L3 and Ls) were obtained in good yield from the
corresponding methyl [2,2'-bipyridine]-#-carboxylate following its reduction with NaBHa.
Ligands L3 and Ls were then converted to the 5- and 6-(halomethyl)-2,2'"-bipyridines (L1, Lz,
L¢ and L7) either by treatment with PBr3 (L1 and Le) or thionyl chloride (L2 and L7). Finally,
the rhenium complexes were obtained in high yield by treatment of fac-[Re(CO)sBr] with the
corresponding 2,2’-bipyridine ligand in hot toluene [42] (Scheme 1).

'"H NMR spectra of complexes (ESI, Figure S1-S9) showed pure diamagnetic compounds,
according to the symmetry given by the facial-arranged CO’s and low-spin d® nature of the
metal ion. IR spectroscopy analysis was in accordance with the typical tricarbonyl vibration
pattern. Crystals suitable for X-ray diffraction analysis were obtained for seven of nine new
species. Crystallographic details are given in ESI, whereas Figures 1 and 2 depict respectively
the ORTEPs of the meta- and ortho- substituted derivative. Complexes 2, 6, 7, 9 and 10 all
crystallized in a monoclinic lattice and space groups C2/c (2), P21/c (6, 7 and 10), Pc (9)
respectively, whereas 3 and 5 were obtained in the triclinic space group P-1 and in the

orthorhombic space group Pca2l. All seven crystal structures of the complexes (Figures 1 and
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2) present a slightly distorted octahedral geometry around the central metal ion, but structural
parameters are not significantly different from similar fac-[Re(CO)3]" species (CCDC search).
Spectroscopically, 2-10 show the characteristic stretching bands expected for tricarbonyl
complexes in the water-free region of their IR spectra. For all complexes, as predicted [44],
the pattern is very similar both in terms of frequency and in intensity of the stretching
vibration. The UV-Vis spectra of the compounds display two main absorptions. All
complexes show similar 1 —n* intra-ligand transitions (LLCT) as sharp bands in at 300 nm
attributed to the diimine-ligand system. In addition, the spectra show a metal-to-ligand charge
transfer transition (MLCT, responsible for the luminescent properties of the species) cantered

at 370 nm [45].

1:§=H,Y= ?_:X=H,Y=
2:7=H,Y=Cl g X=HY=Cl
3:X=H,Y=0H 9_'X=H,Y=OH
4:x y=H 10'_X=H,Y=H
5:x,y=F "X, Y=F

Scheme 1. Synthesis and chemical structures of bipyridine ligands (Lx) and of Re complexes (bottom
left). Conditions: (a) & (b) Pd(PPh;)2(Cl),, dry DMF, 130 °C, 10h, under argon, 17-41 %; (c) NaBHa,
Ethanol, H,O, 85 °C, 3h, under argon, 76-79 %; (d) PBr3, dry DCM, rt, 10h, under argon, 77-89 %; (e)
SOCl,, NaHCOs, 80°C, 2h, 80-83 %, (f) a) Toluene, 85-100 °C, 10-12h, 68-96 %.
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Figure 1. Crystal structures of compounds 2, 3 and 5. Thermal ellipsoids are at 30% probability.
Hydrogen atoms are omitted for clarity.

Figure 2. Crystal structures of compounds 6, 7, 9 and 10. Thermal ellipsoids are at 30% probability.
Hydrogen atoms are omitted for clarity.



2.2 Relative lipophilicity of complexes

The activity of rhenium tricarbonyl anticancer drugs is often correlated to their lipophilicity
[10, 46-51]. The lipophilicity of the complexes is generally defined by octanol-water partition
coefficient (logP, or Kow value) referring to the ratio of the compound's concentration in the
octanol phase to its concentration in the aqueous phase in the two-components system.
Although previously we did not see a correlation between the lipophilicity and ICso values of
6-(methyl-derivatized)-2,2'-bipyridine fac-[Re(CO)3]" compounds, we decided to calculate
and provide drug-likeness data of the complexes presented herein. We believe it is important
to add such data in an era of computer-aided drug design of metal-based drug discovery. The
drug-likeness properties of compounds 1-10 were calculated via the Molinspiration software.
The results are given in Table 1. Complexes, overall, show very similar lipophilicity with the
chloro and bromo derivatives (i.e. compounds 1-2 and 6-7) being the most lipophilic species
and the hydroxo derivatives (3 and 8) the most hydrophilic. With the exception of their

molecular weight, molecules rate well in the drug-likeness assessment (Table 1).

Table 1. Calculated molecular properties of investigated compounds for the assessment of drug-
likeness.

CompleX miLOgPa TPSAb ch Natomsd NONe NOHN]-[f Nvi()lg Nrotbh VOl.i

1 3.78 61.08 | 602.28 22 5 0 1 4 297.04
2 3.65 61.08 | 557.83 22 5 0 1 4 292.69
3 241 81.31 | 539.38 22 6 1 1 4 287.17
4 3.06 61.08 | 523.38 21 5 0 1 3 27891
5 3.61 61.08 | 559.36 23 5 0 1 4 289.04
6 3.88 61.08 | 602.28 22 5 0 1 4 297.04
7 3.75 61.08 | 557.83 22 5 0 1 4 292.69
8 2.51 81.31 | 539.38 22 6 1 1 4 287.17
9 3.62 61.08 | 523.38 21 5 0 1 3 27891
10 3.71 61.08 | 559.36 23 5 0 1 4 289.04

2 QOctanolewater partition coefficient (logP value obtained using Molinspiration method). ®* Molecular polar
surface area in A2. © Molecular weight. ¢ Number of nonhydrogen atoms. ¢ Number of hydrogen-bond acceptors
(O and N atoms). f Number of hydrogen-bond donors (OH and NH groups). ¢ Number of “Rule of five”
violations. " Number of rotatable bonds.  Molecular volume in A3,

2.3 In vitro anticancer activity evaluation

The antiproliferative effect of compounds 2-10 was evaluated on a panel of four cancer cell
lines (2 colorectal and 2 pancreatic) and compared to the previously reported activity of 1. In
addition, the toxicity of all new complexes was assessed on a normal cell line (MRC-5) in

order to determine the selectivity index (Si) of the molecules. Table 2 presents the results of



our analysis. As evident from the data, the potentially alkylating (i.e. “reactive’) chloro- and
bromomethyl complexes 2, 6 and 7 showed higher antiproliferative activity, as compared to
the unreactive complexes. Of these latter species, only 4 (i.e. the 6-methyl-2,2'-bipyridine
complex) revealed comparable activity to 2, 6 and 7. As it is the case for 1, the compounds are
particularly effective against the colorectal HCT-116 cell line, with ICs¢ values ranging from
ca. 5 to 10 uM. We consider this result of particular relevance since HCT-116 is a CRC cell
line that rapidly acquires resistance to clinical anticancer drugs, including cisplatin,
oxaliplatin, docetaxel, 5-FU, and others [52-55]. As we have previously pointed out [42], it is
possible that unique characteristics of HCT-116 cells, including mutation in the KRAS proto-
oncogene, exhibitions of wild-type p53 expression, stem cell-like properties, low
differentiation level, fast division as well as epithelial morphology [55-57], could all be
factors contributing to their higher sensitivity of tumor line this class of rhenium tricarbonyl
complexes. Unlike 1, however, the new compounds show in general a lower Si (Table 2)
towards cancer cells, being only ca. twice as active when compared to the ICso value against
healthy MRC-5 cells. Only complex 7 showed moderately good selectivity towards HCT-116
with an Si of 3.1. Nevertheless, we decided to further investigate in vivo selected compounds

with acceptable Si (here defined as Si>1).

Table 2. In vitro cytotoxicity (ICsp, pM) and in vivo toxicity (LCso, uM) of complexes 1-10. The

selectivity index (Si)/therapeutic index (Ti) are shown in brackets.

HT-29 HCT-116 MiaPaCa-2 Panc-1 MRC-5 Zebrafish?
Cells/Comp.

ICso (Si/Ti)"® LCso
1 nd 5.0 (6.8/48.9) 10.7 (3.2/22.8) nd 34 244 .4
2 14.9 10.3 14.6 13.3 12 68.9
3 49.5 27.7 20.3 20.1 >50 nd
4 38.7 9.5(2.4/5.1) 39.6 10.1 (2.3/4.9) 23 48.6
5 25 21.8 19.3 16.5 25.3 nd
6 11.6 7.5(1.6/6.5) 12 16.7 12.3 49.1
7 16.9 49 (3.2/7y 9.2(1.73.7) 11(1.4/3.1) 155 34.2
8 302.8 31.8 33.1 23.1 49.3 nd
9 173.2 22.1 21.8 16.4 >50 nd
10 329 21.5 21 20.1 >50 nd

nd = not determined. *The LCso values have been determined in the zebrafish model only for the compounds
with the ICsp values < 11 uM. Selectivity index (Si) is determined as the ratio between ICso values on the normal
and tumour cell lines; Therapeutic index (Ti) is determined as the ratio between corresponding LCso and ICso
values. The most potent compounds showing the ICso < 11 uM and/or Si > 3 and Ti > 4 are bolded.



2.4 Solution behavior of complexes

Before performing the in vivo analysis (vide infra), we first studied the solution behavior of
the complexes in an attempt to understand the observed differences in their anticancer
activity. As mentioned previously [42], we hypothesize that the very promising complex 1
exerts its activity by alkylating (yet unknown) biological targets. We know that under
conditions where the coordinated Br atom is not removed chemically (e.g. by addition of an
Ag" salt) the complex shows limited reactivity (i.e. ligand exchange reaction) towards strong
biological ligands such as the DNA bases guanine or adenine [42]. fac-[Re(CO)3]" complexes
show particular affinity for guanine [30, 37, 58, 59], and the base is the preferred ligand
model in experiments aimed at understanding if DNA may be a target for such complexes [22,
35, 60]. In line with our current “alkylation hypothesis” the in vitro anticancer data reveal that
only the compounds capable of diimine-based SN2 reactions (i.e. compounds 1-2 and 6-7)
show low anticancer uM ICso values. Since the hydroxo derivatives (i.e. 3 and 8) are inactive,
we wondered if the hydrolysis rate of chloro and bromo compounds 1-2 and 6-7 might
correlate to their activity via deactivation to the corresponding complexes 3 and 8.
Accordingly, we monitored via UV-visible spectroscopy the conversion depicted in Figure
3A. Table 3 presents the results of this analysis. We found that, with exception of complex 2,
the rate of hydrolysis of the species are very similar, and no clear correlation could be
discerned with their corresponding I1Cso values against HCT-116 and Panc-1 cells.

Next, we evaluated by 'H-NMR spectroscopy the reaction of 1-2 and 6-7 with amino acid
Boc-L-lysine (lys) as a model of biologically available amine groups (Figure 3B). Our initial
experiments revealed a complex mixture of products, including species 3 and 8, but also
solvated derivatives of the different metal products (i.e. species ensuing from the exchange of
the coordinated Br with S; and S; in Figure 3B). Thus, in order to unequivocally assign the
NMR signals we first proceeded with synthesis of corresponding lys derivative (o-11 and m-
11 in Figure 3B, where o- and m- stand for ortho- and meta- respectively). Under the specific
experimental conditions, we found that compounds 1, 2 and 6 all show very similar rates of
reaction with lys (Table 3). Complex 7 was determined to be the most stable species showing
limited and slower reactivity with the amino acid. In line with the UV-visible spectroscopy
experiments, we did not find a correlation between corresponding ICso values and the lys rate

of reaction of the complexes.
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Figure 3. A: reaction depicting the hydrolysis of compounds 1-2 and 6-7 to the corresponding
hydroxo complexes 3 and 8 (top), typical spectroscopic change observed during the reaction (bottom
left) and plot of the time-dependent hydrolysis of compounds 1-2 and 6-7 according to visible
spectroscopy data (bottom right). B: reaction of 1-2 and 6-7 with amino acid Boc-L-lysine (lys) as a
model of biologically available amine groups giving the corresponding lys derivative o-11 and m-11
(top) and plot of a typical time-dependent speciation during the course of the reaction as observed by
"H-NMR spectroscopy.

Table 3. Hydrolysis rate and initial lys rate of reaction of complexes 1-2 and 6-7.

Complex | Hydrolysis rate” | Hydrolysis half | Initial lys rate of | Concomitant hydrolysis
M, 10 life? (t%5, min) | rxn® (M h'!, 10) rate during lys rxn®

(Mh', 107
1 135+ 0.09 30.8+2.0 3.92+0.14 271+024
2 0.89 £ 0.06 47.4+32 4.82+0.17 3.83 +0.25
6 124 +0.19 33.4+38 339+0.32 370+ 0.38
7 1.56 = 0.05 266+ 1.0 0.96 = 0.21 <0.01

@ By UV-Vis spectroscopy, in phosphate buffer, pH = 7.4, 25 °C. ®* By '"H-NMR spectroscopy in 19:1 dimethyl
sulfoxide-d6:D»0, 37 °C. The reaction (rxn) refers to a 1 eq. Re complex : 2 eq. amino acid lys.
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2.5 In vivo anticancer activity in the zebrafish xenograft models

The activity of complexes 2, 4, 6, 7 and 9 was finally investigated in vivo against human
pancreatic and colorectal carcinoma tumours using the zebrafish-Panc-1 and -HCT-116
xenograft models. Zebrafish xenografts are an established platform for translational research
to human cancers, allowing the study of key hallmarks of cancer biology, such as tumour cells
proliferation, dissemination, metastasis and angiogenesis [56, 61, 62]. Accordingly, in two
separate experiments, Panc-1 and HCT-116 cells were fluorescently labelled and injected into
the yolk of Tg(flil:EGFP) and Tg(-2.8fabpl0a:EGFP) embryos, respectively (Figures 4 and
5). At 3 days post injection (dpi), xenografts were processed for fluorescence microscopy in
order to evaluate the effects of applied complexes on the tumour mass development and

cancer cells dissemination and metastasis.

6 (8, uM)

7 (8, uM)

Tumor size
(% of the control)

0
_ 4(8,um) Ctrl 9 2 4 6 7

Figure 4. Anticancer activity of selected complexes against human Panc-1 cells in zebrafish
xenografts. Tg(flil:EGFP) xenografts (n =20) were exposed to complexes at 8 uM doses, and then
analysed after 3-days treatments for tumour progression and metastasis. Representative fluorescent
microscopy images are shown (A); white solid arrows indicate disseminated cells. Only applied
treatments of complexes 6 and 7 markedly reduced the tumour, growth compared to those in the
control group (B). Data are normalized in relation to the control group (B). *P <0.05; **P <0.01;
*+xP < 0.001.

Our results of zebrafish-Panc-1 xenografts (Figure 4) show that only treatments with 6 and 7
significantly inhibited pancreatic tumour growth in vivo (P < 0.001). Compound 7 was also
effective in inhibiting cancer cells dissemination (P < 0.001). Both complexes were noticeably
effective at an 8§ uM concentration, lower than their respective in vitro ICso values (Table 2).

Comparison of tumour growth to untreated Panc-1 xenografts at 3 dpi (120 hpf) indicated that
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6 and 7 reduced tumour mass in the treated xenografts by 86.0 £ 1.0 % and 97.5 £ 0.5 %,
respectively (P < 0.0001, for both compounds). Compound 7 was also the most effective
complex of the series in inhibiting colorectal tumour growth in zebrafish- HCT-116
xenografts (Figure 5). However, significant cancer growth inhibition was archived at 2 x in
vitro 1Cso value of the compound (i.e. at 10 uM). In zebrafish- HCT-116 xenografts, 6 showed
much lower efficacy than in the pancreatic xenograft model (66.4 + 11.1 % vs 86.1 £4.2 %, P
< 0.0001). Finally, in the colorectal carcinoma model, compound 4 showed good inhibition of

tumour growth (80.9 = 7.3 %, P < 0.0001).

6 (10, uM)

Tumor size
(% of the control)

Cctrl 2 9 6 4 7

Figure 5. Anticancer activity of selected complexes against highly metastatic human HCT-116 cells in
zebrafish xenografts. Tig(-2.8fabp10a:EGFP) xenografts (n = 20) were exposed to complexes at 10 uM
doses, and then analysed after 3-day treatments for tumour progression and metastasis. Representative
fluorescent microscopy images are shown (A); white solid arrow indicates treatment-affected liver
(hepatotoxicity). Only applied treatments of complexes 4 and 7 markedly reduced the tumour growth,
compared to those in the control group (B). Data are normalized in relation to the control group (B, C).
*P < 0.05; *%P <0.01; **+xP < 0.001.
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3. Conclusion

We have reported the synthesis, characterization, and in vivo evaluation of the anticancer
activity of a series of 5- and 6-(halomethyl)-2,2'-bipyridine rhenium tricarbonyl complexes.
On the basis of the initial identification of compound 1 [42], the study was initiated in order to
understand if the presence and position of a reactive halomethyl substituent on the diimine
ligand system of fac-[Re(CO)3]" species may be a key structural or molecular feature for the
design of active and non-toxic anticancer agents. Overall, our study revealed that, within the
series of methyl-substituted diimine complexes, only compounds potentially able of ligand-
based alkylating reactions (i.e. chloro- and bromomethyl complexes 2, 6 and 7) showed
significant antiproliferative activity (as compared to the unreactive complexes, which are
generally inactive). In terms of the relative potency of the species, we did not find a possible
correlation with the hydrolysis rate or rate of reaction of the coordinated 5- and 6-
(halomethyl)-2,2"-bipyridine with amino acid Boc-L-lysine (lys). Of the new species
presented in this study, the data actually indicate that the most potent compound 7 is the least
reactive. Thus, if our “alkylation hypothesis” holds true for 1, the data seem to indicate that
the possible mechanism of action of 7 may be different from that of 1. In any case, it appears
obvious to us that the same hypothesis cannot be generalized for this class of compounds.
Nevertheless, compound 7 showed significant inhibition of pancreatic tumour growth in vivo
in zebrafish-Panc-1 xenografts. The complex is noticeably effective at 8 uM concentration,
lower than its in vitro 1Cso values, and it is also effective in inhibiting cancer cells

dissemination.

4. Experimental protocols
4.1. Materials and methods

All chemical reagents were purchased as reagent or analytical grade from commercial
suppliers (Sigma-Aldrich, Alfa Aesar, TCI, Fluorochem) and used without further
purification. Solvents were either used as received or dried over molecular sieves prior to use.
'H and *C NMR spectra were recorded on a Bruker Avance III 500 MHz using residual
solvent peaks as internal references. The following abbreviations are used: singlet (s), doublet
(d), doublet of doublets (dd), triplet (t), doublet of triplets (td), quintuplet (quint), sextuplet
(sext), and multiplet (m). HPLC analysis was performed on a Merck-Hitachi L7000. The
analytical separations were conducted on a Machereye Nagel Nucleodur PolarTec column (5
um particle size, 110 A pore size, 250/3). The preparative separations were conducted on a
Machereye Nagel Nucleodur C18 HTec column (5 pm particle size, 110 A pore size, 250/21).
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The flow rate was set to 0.5 mL/min for analytical separations and 5 mL/ min for the
preparative ones. Eluting solvents and gradient are as previously described [63]. The eluting
bands were detected at 250 nm. Analytical thin-layer chromatography (TLC) was performed
on commercial silica plates (Merck 60-F 254, 0.25 mm thickness); compounds were
visualized by UV light (254 nm and 366 nm). Preparative flash chromatography was
performed with Merck silica gel (Si 60, 63-200 mesh). IR spectra were recorded on a
PerkinElmer Spectrum 100 FT-IR spectrometer. The UV-Vis spectra were recorded on a
Jasco V-730 and the emission on a spectrofluorometer FS5 (Edinburgh Instruments Ltd).
Single crystal diffraction data collection was performed on a Stoe IPDS2 diffractometer
(CuKol (L = 1.5406 A)) equipped with a cryostat from Oxford Cryosystems. The structures
were solved with the ShelXT structure solution program using Intrinsic Phasing and refined
with the ShelXL refinement package using Least Squares minimization [64, 65]. All crystal
structures are deposited at the Cambridge Crystallographic Data Centre. CCDC numbers
2090791-2090797 contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures.

4.2. Synthesis and characterization of ligands and complexes
4.2.1 General procedure for the preparation of ligands.

Preparation of 6-(difluoromethyl)-2,2'-bipyridine (Ls) and 5-(difluoromethyl)-2,2'-
bipyridine (L1o): 2-bromo-6-(difluoromethyl)pyridine (S1, or 2-bromo-5-
(difluoromethyl)pyridine Sz, for Ls and Lio respectively, 1.0 equiv.) was added to a suspension
of 2-(tributylstannyl)pyridine (S3, 1.2 equiv.) in dry DMF. Pd(PPh3)>(Cl), (cat.) was added
under inert conditions, and then the reaction mixture was heated to 130 °C and stirred
overnight. After completion of the reaction, the mixture was cooled to room temperature, and
filtered over Celite. The residue was washed with DMF until the filtrate was colourless. The
filtrate was evaporated and residue was dissolved in water. The solution was extracted 3 times
with DCM, washed with brine, the combined organic phase was dried with MgSO4 and then
solvent was evaporated. The crude product was purified by flash column chromatography
using DCM/MeOH 98:2 (v:v) to give a dark solid. This was dissolved in a small amount of
diethyl ether followed by the addition of pentane. The solution was stirred overnight, then
filtered and the residue washed with cold pentane. In order to increase the yield, the filtrate
was evaporated and then precipitated again in pentane. The combined products were dried to
give the desired compounds. Yields for Ls and Lio were 17% and 38% respectively. Ls: 'H
NMR (400 MHz, CDCl3) 6 ppm 6.58 - 6.88 (m, 1 H), 7.35 (ddd, J = 7.46, 4.77, 1.22 Hz, 1 H),
7.67 (d,J =7.70 Hz, 1 H), 7.85 (td, J = 7.76, 1.83 Hz, 1 H), 7.98 (t, ] = 7.83 Hz, 1 H), 8.47
(dt, J = 7.95, 1.04 Hz, 1 H), 8.55 (dd, J = 7.95, 0.98 Hz, 1 H), 8.69 - 8.73 (m, 1 H). Lio: 'H
NMR (400 MHz, CDCl3) 6 ppm 6.62 - 6.94 (m, 1 H), 7.36 (ddd, J = 7.46, 4.77, 1.10 Hz, 1 H),
7.85 (td, J =7.73, 1.77 Hz, 1 H), 7.97 (dt, J = 8.25, 0.95 Hz, 1 H), 8.45 (d, J =7.95 Hz, 1 H),
8.53(d,J=8.19 Hz, 1 H), 8.71 (dd, J =4.71, 0.67 Hz, 1 H), 8.81 (d, J =0.73 Hz, 1 H).

Preparation of methyl [2,2'-bipyridine]-6-carboxylate (IMi) and methyl [2,2'-
bipyridine]-5-carboxylate (IM2): The same procedure described above for the preparation of
Ls and Lio was used starting with methyl 6-bromopicolinate (S4, or methyl 6-bromonicotinate
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Ss, for IM1 and IM2 respectively, 1.0 equiv.) and S3 (1.2 equiv.). Yields for IM; and IM; were

47% and 41% respectively. Analytical data are in agreement with data reported in literature
for IM1 [66, 67] and IM2 [68].

Preparation of [2,2'-bipyridin]-6-ylmethanol (L3) and [2,2'-bipyridin]-5-ylmethanol (Ls):
Under argon, IM; (or IM2, for L3 and Ls respectively, 1.0 equiv.) was dissolved in ethanol
followed by the portion wise addition of NaBH4 (3.0 equiv.). At the end of the addition, the
reaction mixture was heated to 85 °C and stirred for 3h. After completion of the reaction, the
solution was cooled down to room temperature and quenched by the addition of H>O. The
residual ethanol was evaporated, and the solution acidified by the addition of sulphuric acid
and then washed 3 times with DCM. The aqueous phase was basified with NaOH 30% and
extracted 3 times with DCM. The combined organic phase was then dried with MgSOa.
Evaporation of the solvent gave the pure products. Yields for L3 and Ls were 79% and 76%
respectively. Analytical data are in agreement with data reported in literature for L3 [69] and
Ls [70].

Preparation of 6-(bromomethyl)-2,2'-bipyridine (Li) and 5-(bromomethyl)-2,2'-
bipyridine (L¢): L3 (or Lsg, for L1 and Le respectively, 1.0 equiv.) was dissolved in dry DCM
under inert conditions while being cooled in an ice bath, followed by a slow addition of PBr;3
(3.0 equiv.). The ice bath was then removed, and the reaction mixture was stirred overnight at
room temperature. After completion of the reaction, the solution was cooled again in an ice
bath, and the reaction was quenched by the slow addition of cold water. Residual DCM was
evaporated, and the residue was basified by the addition of NaOH 30%. For L1, the solution
was filtered, and the residue was washed with cold water. For Le, the mixture was extracted 3
times with DCM, washed with water and dried with MgSO4. The residual solvent was
evaporated to give the desired product. Yields for L1 and Le were 77% and 89% respectively.
Analytical data are in agreement with data reported in literature for L1 and Le [71].

Preparation of 6-(chloromethyl)-2,2'-bipyridine (L2) and 5-(chloromethyl)-2,2'-
bipyridine (L7): Ls (or Ls, for L2 and L7 respectively, 1.0 equiv.) was placed in a beaker and
the solid was cooled in an ice bath before the dropwise addition of thionyl chloride (17.0
equiv.). Then the reaction mixture was heated to 80 °C and stirred for 2h. After completion of
the reaction, the solution was cooled to room temperature and excess thionyl chloride was
evaporated. The orange residue was then gently added to a saturated NaHCOs3 solution. The
mixture was extracted 3 times with ethyl acetate, washed with brine, and dried with MgSOa.
The solvent was evaporated and the residue was purified by normal phase column
chromatography using pentane/ethyl acetate 5:1 (v:v) to give the desired product. Yields for
L2 and L7 were 83% and 80% respectively. Analytical data are in agreement with data
reported in literature for L7 [72] and L2 [73].

4.2.2 General procedure for the preparation of fac-|[Re(CO)3(L#)Br] complexes 1-10

Bromopentacarbonylrhenium(I) (1.0 equiv.) was dissolved in hot toluene (60 °C) under argon.
The diimine ligand (1.0 equiv.) was added, and the solution was refluxed overnight at 85-95
°C. The reaction mixture was cooled to room temperature, and then placed in the fridge for 1
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h. The formed precipitate was filtered off, washed with cold toluene, and dried in vacuo.
Generally, no further purification was necessary to give the pure products described below.

fac-[Re(CO)3(L2)Br] (2). Yellow powder, yield 96%. ESI-MS analysis (positive mode) m/z=
474.9 [C1HsBrCIN,OsRe]*. IR (solid, vCO cm™): 2015.43, 1882.86. UV-Vis (CHCls, nm):
301, 372. 'H NMR (400 MHz, acetonitrile-d3) & ppm 5.11 - 5.23 (m, 2 H) 7.65 (ddd, J=7.64,
5.56, 1.10 Hz, 1 H) 7.89 - 8.01 (m, 1 H) 8.14 - 8.28 (m, 2 H) 8.35 - 8.49 (m, 2 H) 9.06 - 9.15
(m, 1 H). >C NMR (126 MHz, acetonitrile-d3) 5 ppm 48.64 - 51.40 (m, 1 C) 123.48 - 126.23
(m, 3 C) 126.65 - 128.85 (m, 2 C) 139.05 - 142.77 (m, 3 C) 153.49 (d, J=4.54 Hz, 2 C).
Crystals suitable for X-ray diffraction were obtained from layering of hexane on DCM.

Jac-[Re(CO)3(L3)Br] (3). Yellow powder, yield 96%. ESI-MS analysis (positive mode) m/z=
456.9 [C14HBrN>O4Re]". IR (solid, vCO ecm™): 2015.70, 1919.28, 1889.42. UV-Vis (CHCls,
nm): 299.5, 367.5. 'H NMR (500 MHz, DMSO-d6) & ppm 4.81 - 4.96 (m, 2 H) 6.20 (br. s., 1
H) 7.72 - 7.78 (m, 1 H) 8.00 (d, J=7.93 Hz, 1 H) 8.28 - 8.37 (m, 2 H) 8.65 (d, J=7.93 Hz, 1 H)
8.76 (d, 1=8.24 Hz, 1 H) 9.07 (d, J=5.34 Hz, 1 H). >*CNMR (126 MHz, DMSO-ds) & ppm
67.53 (s, 1 C) 122.55 (s, 1 C) 123.87 (s, 1 C) 124.55 (s, 1 C) 127.74 (s, 1 C) 140.49 (d,
J=14.53 Hz, 1 C) 152.77 (s, 1 C) 155.53 (s, 1 C) 156.14 (s, 1 C) 164.80 (s, 1 C) 188.44 (s, 1
C) 197.05 (s, 1 C). Crystals suitable for X-ray diffraction were obtained from layering of
hexane on DCM.

Jac-[Re(CO)3(L4)Br] (4). Yellow powder, yield 91%. ESI-MS analysis (positive mode) m/z=
440.9 [C14H1oBrN,OsRe]". IR (solid, vCO cm™): 2017.70, 1896.71. UV-Vis (CHCl3, nm): 299,
369. 'H NMR (400 MHz, acetonitrile-d3) & ppm 3.01 (s, 3 H) 7.57 - 7.69 (m, 2 H) 8.04 (t,
J=7.89 Hz, 1 H) 8.12 - 8.20 (m, 1 H) 8.26 (d, J=7.95 Hz, 1 H) 8.35 - 8.41 (m, 1 H) 9.04 - 9.12
(m, 1 H). 3C NMR (126 MHz, DMS0-d6) d ppm 17.67 (s, 1 C) 123.73 (d, J=17.26 Hz, 1 C)
127.29 (s, 1 C) 138.26 (s, 1 C) 139.20 - 141.08 (m, 2 C) 151.49 - 153.45 (m, 2 C) 155.21 (s, 1
O).

fac-[Re(CO)3(Ls)Br] (5). Yellow powder, yield 95%. ESI-MS analysis (positive mode) m/z=
476.9 [C14HsBrF,N>OsRe]". IR (solid, vCO cm™): 2017.49 1889.73. UV-Vis (CHCls, nm):
296, 377. '"H NMR (500 MHz, DMSO-d6) § ppm 7.17 - 7.42 (m, 1 H) 7.80 (t, J=6.41 Hz, 1
H) 7.91 (d, J=5.65 Hz, 1 H) 8.35 (t, J=7.86 Hz, 1 H) 8.91 (d, J=8.09 Hz, 1 H) 8.94 (s, 1 H)
9.07 (s, 1 H) 9.20 (d, J=5.65 Hz, 1 H). 3C NMR (126 MHz, DMSO-de) d ppm 110.58 (s, 1 C)
112.49 (s, 1 C) 114.40 (s, 1 C) 120.43 - 121.34 (m, 1 C) 123.03 - 124.59 (m, 1 C) 124.84 (s, 1
C) 128.18 (s, 1 C) 140.19 (s, 1 C) 143.85 - 145.74 (m, 1 C) 153.07 (s, 1 C) 153.67 - 154.97
(m, 1 C) 156.26 (s, 1 C) 188.91 (s, 1 C) 196.99 (d, J=16.35 Hz, 1 C). Crystals suitable for X-
ray diffraction were obtained from layering of hexane on DCM.

fac-[Re(CO)3(Le)Br] (6). Yellow powder, yield 68%. ESI-MS analysis (positive mode) m/z=
519.1 [C14HsBraN>OsRe]*. IR (solid, vCO e¢cm™): 2016.66, 1882.55. UV-Vis (CHCl3, nm): 298,
384. 'H NMR (500 MHz, DMSO-d6) § ppm 4.96 (s, 2 H) 7.71 - 7.80 (m, 1 H) 8.33 (t, J=7.86
Hz, 1 H) 8.40 (d, J=8.39 Hz, 1 H) 8.76 (t, J=8.70 Hz, 2 H) 9.04 (d, J=5.34 Hz, 1 H) 9.12 (s, 1
H). 3C NMR (126 MHz, CDCls-d) & ppm 14.04 (s, 2 C) 22.33 (s, 1 C) 27.04 (s, 1 C) 34.12 (s,
1 C)54.55(s,1C)121.76 - 124.24 (m, 1 C) 127.25 (s, 1 C) 136.74 - 140.99 (m, 2 C) 151.71 -
156.38 (m, 1 C). Crystals suitable for X-ray diffraction were obtained from layering of
pentane on chloroform.
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Jac-[Re(CO)3(L7)Br] (7). Yellow powder, yield 81%. ESI-MS analysis (positive mode) m/z=
474.9 [C1HsBrCIN,OsRe]*. IR (solid, vCO cm™): 2017.48, 1882.97. UV-Vis (CHCls, nm):
296, 276. '"H NMR (500 MHz, DMSO-d6) § ppm 5.05 (s, 2 H) 7.77 (br. s., 1 H) 8.34 (s, 1 H)
8.41 (d, J=7.17 Hz, 1 H) 8.79 (dd, J=15.87, 8.24 Hz, 2 H) 9.05 (d, J=5.49 Hz, 1 H) 9.12 (s, 1
H). 3C NMR (126 MHz, DMSO-d6) § ppm 41.53 (s, 1 C) 123.27 - 125.47 (m, 2 C) 127.97 (s,
1C)137.83 (s, 1 C) 139.26 - 141.18 (m, 2 C) 150.56 - 154.00 (m, 2 C) 154.00 - 155.79 (m, 2
C) 189.29 (s, 1 C) 195.62 - 197.55 (m, 2 C). Crystals suitable for X-ray diffraction were
obtained from layering of hexane on DCM.

Jac-[Re(CO)3(Ls)Br] (8). Yellow powder, yield 68%. ESI-MS analysis (positive mode) m/z=
465.9 [C14HioBrN,O4Re]". IR (solid, vCO cm™): 2016.90, 1869.77. UV-Vis (CHCl3, nm): 294,
371. 'H NMR (500 MHz, DMSO-d6) § ppm 4.74 (d, J=5.65 Hz, 2 H) 5.73 (t, J=5.72 Hz, 1 H)
7.71-17.77 (m, 1 H) 8.22 (d, J=8.24 Hz, 1 H) 8.32 (t, J=7.86 Hz, 1 H) 8.73 (d, J=8.39 Hz, 2 H)
8.96 (s, 1 H) 9.02 (d, J=5.49 Hz, 1 H) . *C NMR (126 MHz, DMSO-d6) § ppm 59.69 (s, 1 C)
122.58 - 124.92 (m, 2 C) 127.58 (s, 1 C) 137.89 (s, 1 C) 140.18 (s, 1 C) 142.51 (s, 1 C)
150.48 (s, 1 C) 152.35 - 154.28 (m, 2 C) 155.16 (s, 1 C) 189.45 (s, 1 C) 197.38 (s, 1 C)
201.66 (s, 1 C).

fac-[Re(CO)3(Lo)Br] (9). Yellow powder, yield 74%. ESI-MS analysis (positive mode) m/z=
440.9 [C14H10BrN,O3Re]™. IR (solid, vCO cm™): 2017.70, 1896.71. UV-Vis (CHCls, nm): 295,
368. '"H NMR (500 MHz, DMSO-d6) & ppm 2.50 (s, 3 H) 7.68 - 7.76 (m, 1 H) 8.16 (d, J=8.39
Hz, 1 H) 8.30 (t, J=7.86 Hz, 1 H) 8.62 - 8.73 (m, 2 H) 8.86 (s, 1 H) 9.01 (d, J=5.34 Hz, 1 H).
13C NMR (126 MHz, DMSO-ds) d ppm 17.67 (s, 1 C) 123.79 (s, 2 C) 127.29 (s, 1 C) 138.26
(s, 1 C) 140.00 (s, 1 C) 140.51 (s, 1 C) 151.94 - 153.15 (m, 2 C) 155.21 (s, 1 C) 189.41 (s, 1
C) 197.12 (s, 2 C) 206.33 (s, 1 C). Crystals suitable for X-ray diffraction were obtained from
layering of pentane on DCM.

fac-[Re(CO)3(L10)Br] (10). Yellow powder, yield 71%. ESI-MS analysis (positive mode)
m/z= 467.9 [CisHsBrF-NOsRe]™. IR (solid, vCO em™): 2020.67, 1887.81. UV-Vis (CHCI;,
nm): 295, 378. 'H NMR (500 MHz, DMSO-d¢) 6 ppm 7.26 - 7.51 (m, 1 H) 7.82 (t, J=6.56
Hz, 1 H) 8.37 (t, J=7.86 Hz, 1 H) 8.57 (d, J=8.55 Hz, 1 H) 8.82 - 8.94 (m, 2 H) 9.08 (d, J=5.34
Hz, 1 H) 9.19 (s, 1 H). 13C NMR (126 MHz, DMSO-d6) d ppm 20.89 (s, 1 C) 110.28 (s, 1 C)
112.17 (s, 1 C) 114.07 (s, 1 C) 122.35 - 126.48 (m, 2 C) 127.17 - 129.93 (m, 2 C) 140.24 (s, 1
C) 150.39 (t, J=7.72 Hz, 1 C) 153.17 (s, 2 C) 188.90 (s, 1 C) 196.87 (d, J=18.17 Hz, 1 C).
Crystals suitable for X-ray diffraction were obtained from layering of hexane on DCM.

Preparation of Boc-L-lysine fac-|Re(CO)3(L-lys)Br] deriatives o-11 and m-11.

fac-[Re(CO)3(L-o0-lys)Br] (o-11). Compound 1 (25 mg, 0.04 mmol) was dissolved in dry
acetonitrile (3 mL) and the solution was purged with argon for 10 minutes, before the addition
of N,N-diisopropylethylamine (DIPEA, 26 pL, 0.15 mmol). After 20 minutes, a degassed
solution of Boc-L-Lysine (29 mg, 0.12 mmol) in 2 mL H>O/Acetonitrile (3/1 v/v) was added
to the reaction mixture under inert conditions and it was stirred over night at room
temperature. The solvent was evaporated and the residual product was dissolved in ethyl
acetate, washed 2 times with water and brine and dried with NaSO4. The organic phase was
evaporated, the crude product was dissolved in a minimal amount of DCM and then
precipitated by the addition of 30 mL hexane. After placing the solution in the fridge
overnight, the same was filtered to give a yellow solid. The filtrate was reduced and again
hexane was added to give more of the crude product. The product was then dissolved in
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methanol, purified by HPLC and lyophilized to give the desired product as a light yellow
powder. Yield 16 mg, 0.023 mmol, 56 %. ESI-MS analysis (positive mode) m/z = 684.8
[C25sH30N4O7Re]™. IR (solid, vCO cm™): 2016.26, 1882.24. UV-Vis (CHCls, nm): 302, 324,
350. 'TH NMR (500 MHz, DMSO-d6) & ppm 1.15 (d, J=12.97 Hz, 2 H) 1.22 - 1.37 (m, 11 H)
1.58 (br. s., 2 H) 2.03 - 2.22 (m, 2 H) 3.56 (br. s., 1 H) 4.02 (d, J=13.89 Hz, 1 H) 4.40 (d,
J=14.19 Hz, 1 H) 7.71 - 7.83 (m, 1 H) 7.88 (d, J=7.63 Hz, 1 H) 8.24 - 8.38 (m, 2 H) 8.63 -
8.79 (m, 2 H) 9.01 (d, J=5.34 Hz, 1 H).

fac-|Re(CO)3(L-m-lys)Br]| (m-11). The same procedure for the synthesis of 0-11 was applied
but starting with compound 6. Yield 8 mg, 0.013 mmol, 28 %. ESI-MS analysis (positive
mode) m/z = 684.8 [C2sH30N4O7Re]". IR (solid, vCO cm™): 2018.11, 1882.36. 'H NMR (500
MHz, DMSO-d6) 6 ppm 0.70 - 0.92 (m, 2 H) 1.00 - 1.15 (m, 4 H) 1.18 - 1.41 (m, 11 H) 2.20 -
2.37 (m, 1 H) 3.86 (d, J=17.40 Hz, 2 H) 7.74 (br. s., 1 H) 8.10 - 8.25 (m, 1 H) 8.27 - 8.43 (m,
1 H) 8.62 - 8.81 (m, 2 H) 8.89 -9.09 (m, 2 H).

4.3 Cytotoxicity evaluation

Antiproliferative activity of the compounds was tested in a panel against tumour cells lines
HCT-116 (colorectal carcinoma cells), HT-29 (colorectal adenocarcinoma cells) Mia PaCa-2
(pancreatic carcinoma cells) and Panc-1 (epithelial pancreatic carcinoma cells), as well as on
normal human lung fibroblasts (MRC-5), all from ATCC collection. Compounds were freshly
dissolved in DMSO and used for the bioactivity assessments. Cytotoxicity in terms of
antiproliferative effects was tested by the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay [74]. The assay was carried out as previously
described [42].

4.4 In vivo toxicity assessment

Toxicity evaluation of the complexes was carried in the zebrafish (Danio rerio) model
according to the general rules of the OECD Guidelines for the Testing of Chemicals (OECD,
2013, Test No. 236) [75]. All experiments involving zebrafish were performed in compliance
with the European directive 2010/63/EU and the ethical guidelines of the Guide for Care and
Use of Laboratory Animals of the Institute of Molecular Genetics and Genetic Engineering,
University of Belgrade. Wild type (AB) zebrafish were kindly provided by Dr. Ana Cveji¢
(Wellcome Trust Sanger Institute, Cambridge, UK). Experiments were performed as

previously reported [42].

4.5 Anticancer activity evaluation in human CRC-zebrafish xenografts

Cancer cells were cultured in RPMI-1640 supplemented with 10 % FBS, 100 pg/mL

streptomycin and 100 UmL™! penicillin, and grown as a monolayer in humidified atmosphere
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of 95% air and 5% CO; at 37 °C. Prior to microinjection, the cells were washed once with
PBS and trypsinized (0.25% trypsin/0.53 mM EDTA) to obtain a single cell suspension. After
centrifugation at 1200 rpm for 5 min, the cells were resuspended in serum-free RPMI medium
and labelled with 2 pM CellTracker™ RedCMTPX (Thermofisher Scientific) according to

the manufacturer’s instructions.

4.6 Zebrafish xenografts injection and Treatment.

The zebrafish xenografts with human HCT-116 cells were established according to the
previously described procedure [76]. Before the microinjections, Tg(flil:EGFP) and Tg(-
2.8fabp10a:EGFP) embryos were kept at 28 °C and manually dechorionated few hours before
the injection. At 48 hpf, 5 nL of cells suspension containing 150 labelled cells was
microinjected into the yolk of anesthetized embryos by a pneumatic picopump (PV820, World
Precision Instruments, USA). Exact number of cells was confirmed by dispensing the injected
volume onto a microscope slide and by visual counting. After injection, embryos were
incubated to recover for at least one hour at 28 °C, dead embryos were removed, and alive
embryos were transferred into 24-well plates containing 1 mL of embryo water and 10
embryos per well. The injected xenografts were treated with different doses of complex 1 and
4 (1/2, 1/4 and 1/8 of ICs¢ values), and maintained at 33 °C by 120 hpf. DMSO (0.25%) was
used as a negative control. The survival and development of the xenografted embryos was
recorded every day until the end of experiment. At 3 days post injection (dpi), anesthetized
xenografts were processed by fluorescent microscopy. The tumour size was determined by the

fluorescent images using ImageJ programme. The experiment was repeated two times.

4.7 Statistical analysis.

The experimental results were expressed as mean values = SD. The differences in anti-
angiogenic phenotypes between the untreated and treated groups were determined according
to y? test. In other tests, the differences between the untreated and treated groups, as well as
between the treatments were evaluated using the one-way ANOVA followed by a comparison
of the means by Bonferroni test (P = 0.05). All analyses were performed using SPSS 20
(SPSS Inc., Chicago, IL) software package.
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